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The maximum realizable power throughput of power electrauinverters may be limited or
constrained by technical or economical considerationg $dtution to this problem is to connect
several power converter units in parallel. The parallelnsantion can be used to increase the
current carrying capacity of the overall system beyond #tiegs of individual power converter
units. Thus, itis possible to use several lower-power carvenits, produced in large quantities,
as building blocks to construct high-power converters in adatar manner. High-power
converters realized by using parallel connection are rebmteexample in multimegawatt wind
power generation systems. Parallel connection of poweverter units is also required in
emerging applications such as photovoltaic and fuel cellgge@onversion.

The parallel operation of power converter units is not, haveproblem free. This is because
parallel-operating units are subject to overcurrent seeswhich are caused by unequal load
current sharing or currents that flow between the units. Comynthe term ‘circulating current’

is used to describe both the unequal load current sharingtendurrents flowing between
the units. Circulating currents, again, are caused by compiotolerances and asynchronous
operation of the parallel units. Parallel-operating uaits also subject to stresses caused by
unequal thermal stress distribution. Both of these probleam, nevertheless, be handled with a
proper circulating current control.

To design an effective circulating current control systera,need information about circulating
current dynamics. The dynamics of the circulating curreais be investigated by developing
appropriate mathematical models. In this dissertatiaoutating current models are developed



for two different types of parallel two-level three-phasgdrter configurations. The models,
which are developed for an arbitrary number of parallelyymtovide a framework for analyzing
circulating current generation mechanisms and develogineglating current control systems.

In addition to developing circulating current models, miadion of parallel inverters is
considered. It is illustrated that depending on the pdrahgerter configuration and
the modulation method applied, common-mode circulatingenis may be excited as a
consequence of the differential-mode circulating curoemitrol. To prevent the common-mode
circulating currents that are caused by the modulation,a ehedulator method is introduced.
The dual modulator basically consists of two independemplgrating modulators, the outputs
of which eventually constitute the switching commands efitiverter. The two independently
operating modulators are referred to as primary and secgnaadulators.

In its intended usage, the same voltage vector is fed to tieapy modulators of each parallel
unit, and the inputs of the secondary modulators are oltafr@m the circulating current

controllers. To ensure that voltage commands obtained thentirculating current controllers
are realizable, it must be guaranteed that the invertertidngen into saturation by the primary
modulator. The inverter saturation can be prevented bytiigithe inputs of the primary and

secondary modulators. Because of this, also a limitatigorghm is proposed. The operation
of both the proposed dual modulator and the limitation atgor is verified experimentally.

Keywords: voltage source inverter, two-level, three-ghasrallel operation, circulating current
UDC 621.314.2:51.001.57:621.3.014
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Nomenclature

Subscripts

0 zero axis component

1,2,---,n index of parallel unit

abc vector or matrix containingbc coordinate quantities

a,b,c abc coordinate quantity

@ real axis quantity in the stationany reference frame

af vector or matrix containing stationany3 reference frame quantities
af0 vector or matrix containing,50 coordinate quantities

I6; imaginary axis quantity in the stationady reference frame

dq vector or matrix containing rotatingy reference frame quantities
dq0 vector or matrix containingq0 coordinate quantities

dc direct voltage link

max maximum

n nominal

ref reference

SW switching frequency or switching period

d direct axis quantity in the rotatingy reference frame

q guadrature axis quantity in the rotatidg reference frame

Superscripts
+ positive direct voltage bus

— negative direct voltage bus

cc circulating current
com common direct voltage source
1 limited variable

n negative phase current
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Acronyms
ac

dc

FC

FPGA
IGBT
KCL

positive phase current

denotes that the space vector is expressed in the rotafergnee frame

separate direct voltage sources

denotes that the space vector is expressed in the statimfargnce frame

identity matrix

state-space model state matrix
state-space model input matrix
state-space model output matrix
state-space model feedforward matrix
state-space model input vector
state-space model state vector
state-space model output vector
anti-parallel diode

switching device

capacitance

duty cycle

instantaneous current
inductance

resistance

time

instantaneous voltage

alternating current

direct current

fuel cell

field programmable gate array
insulated gate bipolar transistor

Kirchhoff’s current law



KVL
LTI
PC
PV
PWM
SPDT
SPST
SVvD
SVM
VSC
VSI

Kirchhoff’s voltage law
linear time-invariant
personal computer
photovoltaic
pulse width modulation
single-pole double-throw
single-pole single-throw
singular value decomposition
space vector modulation
voltage source converter

voltage source inverter
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Chapter 1

Introduction

Modern power electronic converters are used to convert antra electrical energy in the
wide range of milliwatts to gigawatts (Bose, 2009). Typiagplications include for example
battery chargers, heating and lighting control, activerfanic filters, high-voltage dc (HVDC)
systems, photovoltaic (PV) and fuel cell (FC) power coneersand motor drives. The wide
area of motor drives includes applications in transpartatpaper and textile mills, wind power
generation systems, air-conditioning and heat pumpsngodind cement mills, ship propulsion,
and the like.

Power electronic converters perform the power conversiombans of power semiconductor
devices. Although the power ratings of power semicondudtevices have increased
considerably since the introduction of the first commerp@her semiconductor device in the
early 1960s/(Wilsan, 2000), the maximum realizable poweoughput of power electronic
converters may be limited or constrained by technical oneodcal considerations. In other
words, even though there are power semiconductor devicEkable with the desired power
ratings, their switching characteristics may not be su#fitior vice versa. It is also possible that
although there are devices available with the desired pmatieigs and switching characteristics,
they are too expensive because they are not manufacturedgie uantities (Luniewski and
Jansen, 2007; Zorngiebel et al., 2009).

Power ratings can be increased beyond the ratings of individower semiconductor devices
with a series or parallel connection. The series connecionbe used to increase the voltage
blocking capability, while the parallel connection can lsed to increase the current carrying
capacity. Both the series and parallel connection methadsbe basically divided into three
different levels.

At the lowest level, power semiconductor devices are coeadn series (Sasagawa etlal., 2004)
orin parallel|(Azar et all, 2008). At the next level, powerdnées, which may incorporate series-
or parallel-connected power semiconductor devices, areexded in series or in parallel (Bortis
et al., 2008). At the highest level, complete power conventéts which are constructed around
the power modules are connected in series (Naumanen £088) r in parallel (Baumann
and Kolar,[2007). Individual power converter units, agaimy include several series- or
parallel-connected power modules.

1.1 Motivation of the work

As discussed above, parallel connection of power convemés can be used to increase
the current carrying capacity of the overall system beydr ratings of individual power
semiconductor devices. Parallel-operating power coavgdre, however, subject to overcurrent
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stresses, which are caused by unequal load current shariegrents that flow between
the units. Commonly, the term ’circulating current’ is usieddescribe both the unequal
load current sharing and the currents flowing between thes (jRan_and Liad, 2007, 2008).
Circulating currents are caused by component tolerancésaaynchronous operation of the
parallel units/(Cai et al., 2008).

Parallel-operating power converters are also subject toequal thermal stress
distribution (Joseph et al., 2004; Chen et al., 2006). Altfto the unequal thermal stress
distribution might be caused by the circulating currentsgéneral, the equal load current
sharing does not guarantee equal thermal stress distiibutHowever, the thermal stress
distribution can be affected by controlling the load cutmgraring between the parallel units.

Several contributions have dealt with the circulating entmodeling, analysis, and the control
of parallel-operating multi-phase power converters (Yalgt2002; Shi and Venkataramahan,
2004;| Mazumder, 200%; Chen, 2006; Fu et lal., 2008; Neacsu,€2098). The majority of
these contributions deal only with the parallel connectibtwo units, which is a special case.
The number of applications that require parallel conneabibseveral power converter units is,
however, on the rise. These applications include for exampbtovoltaic and fuel cell power
conversion systems (Chen and Smedley, 2008; Yulet al.| 2008)

Although much work has been carried out to investigate ttmg current dynamics of parallel
multi-phase converters, very few contributions deal with tirculating current modeling and
the analysis of an arbitrary number of parallel units. Suohkwvould, however, lead into better
understanding of circulating current behavior and progidieamework for designing circulating
current controllers for any number of parallel-operatings

1.2 Objective of the work

In this dissertation, parallel-operating voltage souna®fiency converters are studied. The
voltage source frequency converter refers in this work t@mmaverter comprised of line-side
L-filters, a full-wave diode rectifier bridge, a direct volealink capacitor, and a three-phase
inverter bridge as illustrated in Fig.1.1. In brief, the ¢tipn of a frequency converter is to first
convert the supplied alternating voltage into direct vgpitand then convert the direct voltage
into alternating voltage of desired frequency and ampéitud

The parallel frequency converter configurations studiedhia dissertation are presented in
Fig.[T.2. As we can see, we will consider parallel-operatieguency converters with separate
and common direct voltage links. To be precise, we will coricge on the parallel operation of
three-phase inverter bridges. Moreover, even though tlweefigshow only parallel connection
of two units, we will consider parallel connection of an ardiy number of units.

The principal objective of this work is to investigate theimdifferences between the considered
parallel inverter configurations from the circulating poofiview. The main objective is met by
developing mathematical circulating current models fathbaf the studied configurations and
for an arbitrary number of parallel-connected units. Althb the developed models are basically
used only to study circulating current generation mechas&nd to analyze differences between
the studied configurations, they can also be used in degjginiculating current controllers. The
circulating current control design is, however, outsideghope of this dissertation.
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Fig. 1.1: Single voltage source frequency converter ctingiof line-side L-filters, a full-wave diode
rectifier bridge, a direct voltage link capacitor, and a¢hphase inverter bridge.
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Fig. 1.2: Parallel voltage source frequency converter gonditions considered in this dissertation. The
study concentrates on the parallel operation of the invbridges. The inductors added to the frequency
converter outputs are current sharing inductors.
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The developed circulating current models show that a commode circulating current
may flow between the parallel inverters depending on theigghponfiguration. It is also
illustrated that depending on the applied pulse width maiituh (PWM) method, common-mode
circulating currents may be excited as a consequence offfeesthtial-mode circulating current
control. To prevent the common-mode circulating currehé are caused by the modulation,
a dual modulator method is introduced. The introductiorhef dual modulator method is the
secondary objective of this dissertation.

1.3 Outline of the thesis

The main contents of the rest of the chapters are summarizée ifollowing:

Chapter 2 addresses small-signal modeling of two different parateke-phase two-level
voltage source inverter configurations. Small-signal n®dee developed for both of
the studied configurations and for an arbitrary number oélfedrunits. Furthermore, an
effort is made to describe the applied modeling techniques.

Chapter 3 deals with the circulating current modeling and analysise &nalysis is based on
the circulating current models that are derived from thalpelrinverter models developed
in the previous chapter. The circulating current modelsdmrived also for an arbitrary
number of parallel units.

Chapter 4 first studies an application of the space-vector-based tatidn methods in the
control of parallel inverters. It is illustrated that theasp-vector-based modulation
methods may introduce low-frequency zero-sequence eaitiogl currents depending on
the applied parallel inverter configuration. The main cition of this chapter is the
introduction of a dual modulator method that can avoid thm/abmentioned problem.

Chapter 5 introduces a limitation algorithm that was developed to bedutogether with the
proposed dual modulator method.

Chapter 6 presents experimental results to verify the operationeftfoposed dual modulator
method and the limitation algorithm.

Chapter 7 concludes the dissertation. The main results are discumsédummarized, and
suggestions for future work are made.

1.4 Scientific contributions and publications

The scientific contributions of this doctoral dissertataon:

e Development of parallel inverter models for two differetrallel three-phase two-level
voltage source inverter configurations in the case pérallel units.

e Development of circulating current models for two differgarallel three-phase voltage
source inverter configurations in the casewgfarallel units.

e Development of a model for estimating circulating currecasised by a blanking time
required to prevent a short-circuit in the inverter phagefiaite turn-on and turn-off times
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of switching devices, and forward voltage drops of switgh@evices and anti-parallel
diodes.

e Development of a dual modulator method for parallel threage power converters to
mitigate modulation-based circulating currents.

e Development of a limitation algorithm that can be used to bima the existing space
vector limitation methods with the zero-sequence compbliraitation method.

e Experimental verification of both the proposed dual modulaiethod and the proposed
limitation algorithm.

The author has published research results related to thiecssitcovered in this doctoral
dissertation in the following publications:

P1 Itkonen, T., Luukko, J., Laakkonen, T., Silventoinen, Md&yrhdnen, O. (2008),
"Switching Effects in Directly Paralleled Three-Phase BC/AC Converters with
Separate DC Links,” irPower Electronics Specialists Conference, 2008. PESC 2008.
|EEE, pp. 1937-1943.

P2 ltkonen, T., Luukko, J., and Péllanen, R. (2009a), "Modgliand Analysis of the
Dead-Time Effects in Parallel Two-Level Voltage Sourcedrigrs,” inEnergy Conversion
Congress and Exposition, 2009. ECCE. |EEE, pp. 3211-3217.

P3 Itkonen, T., Luukko, J., and Pollanen, R. (2009b), "Anadysf Current Characteristics
of Parallel Three-Phase Voltage Source InvertersPower Electronics and Applications,
2009. EPE ' 09. 13th European Conference on, pp. 1-10.

P4 Itkonen, T., Luukko, J., Sankala, A., Laakkonen, T., andd@&n, R. (2009c), "Modeling
and Analysis of the Dead-Time Effects in Parallel PWM Twoxtlke Three-Phase
Voltage-Source InvertersPower Electronics, |EEE Transactions on, vol. 24, no. 11, pp.
2446-2455.

T. Itkonen has been the primary author in publications P1-Pde background research for
publications P1-P4 was entirely carried out by T. ItkonerlsoAhe simulation studies, the
results of which are presented in publications P1-P4, wetieety performed by T. Itkonen.

The prototype used in publication P4 was built by Mr. A. Sdalkend Mr. J. Hannonen. The
synchronization method applied in publication P4 was dgwdl by Mr. T. Laakkonen. The
control algorithms used in publication P4 were developei.Btkonen and the implementations
were made by T. Itkonen and Mr. A. Sankala. The measurementpublication P4 were

conducted by T. Itkonen.

The author has also published research results related redlgbaperating voltage source
inverters but not covered in this dissertation in the follogypublications:

e Itkonen, T., Rauma, K., Sarén, H., Laakkonen, O., Pyrhd@n,and Silventoinen,
P. (2006), "Parallel Connected Voltage Source Invertethaut Intermodule Reactors,”
in Power Electronics and Motion Control Conference, 2006. EPE-PEMC 2006. 12th
International, pp. 641-646.
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e Itkonen, T. and Luukko, J. (2008), "Switching-Functionggd Simulation Model for
Three-Phase \oltage Source Inverter Taking Dead-TimecEffénto Account,” in
Industrial Electronics, 2008. IECON 2008. 34th Annual Conference of IEEE, pp.

992-997.
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Chapter 2

Small-signal modeling of parallel three-phase
voltage source inverters

This chapter addresses small-signal modeling of two-lgwek-phase voltage source inverters.
More precisely, the chapter focuses on developing smgtiadimodels for two kinds of parallel
inverter configurations in the case of an arbitrary numbepargllel units. In the derivation,
various modeling methods are applied. The methods inclyaleaae leg averaging technique,
coordinate transformations between stationary and ngiatiference frames, and a linearization.
Because of this, effort is also put into describing the abinodeling methods.

2.1 Small-signal modeling of ac power electronic systems

Power electronic systems are generally nonlinear, whigvgnts the direct use of classical
analysis methods designed for linear time-invariant (LSyitems. The behavior of nonlinear
systems can, however, be approximated by linear equationsa a nominal operation point.
The process used to obtain a linear approximation of theimesnl system is referred to as
linearization. The result of linearization is a locallydiarized model, which is usually called a
small-signal model of the system. The small-signal modatiurate only in the (dc) operation
point, but can also predict the behavior of the system in thighborhood of the operation
point (Roubal et all, 2009).

Small-signal modeling of ac power electronic systems isasostraightforward as the above
would indicate. This is because there is no dc operationtf@rid because power electronic
converters are time-variant by nature because of the swigch The switching-based time
variance can be removed by applying averaging techniguels asl phase leg averaging (Ye
et al.,[2000) or arm rail averaging (Ye and Boroyevich, 200Dne solution to the problem
of the lacking dc operation point, which is applicable tcetyphase systems, is to transform a
stationary reference frame model into a rotating referdrasee model. An overview of other
possible solutions, including also the above-mentioned] bas been presented.in Sun (2009).

The systematic small-signal modeling approach presente(Hiti et al.,[1994) for single
three-phase voltage source converters applies the phase/égaging technique, coordinate
transformations, and linearization. The same modelingaggh has been previously applied
also to parallel three-phase converters and inverterscamele in (Ye et all, 2002; Zhang et al.,
2009b) and is also adopted in this dissertation.
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2.2 Applied modeling procedure

A small-signal modeling procedure applied in this disg@tacan basically be divided into
four stages. These stages can be described as follows. dtherfirst stage, converter circuits
are replaced with phase-leg-averaged circuit represensatin the second stage, an averaged
stationary reference frame model of the system under iipagiin is developed. The developed
stationary reference frame model is transformed into dingtaeference frame model in the third
stage. Finally, in the fourth stage, a small-sighal modeldtined by linearizing the rotating
reference frame model at the operating point.

To facilitate the understanding of how the small-signal elod) procedure described above is
applied, the principles of the phase leg averaging teclmicgference frame transformations,
and linearization of nonlinear systems are first describethé following subsections. After
the overviews, a small-signal modeling of a single threasghinverter is considered as an
example. The purpose of the example is to illustrate the tmagierocedure in detail. The
example also introduces some notations that are used weitbettallel inverter models presented
in the following sections.

2.2.1 Principle of the phase leg averaging technique

To present the principle of the phase leg averaging teclenigus convenient to start with
the concept of switching functions. In the switching funatiapproach, power converters are
directly studied through their converting functions foicgson the relationships between the
input and output electric variables, instead of actual kogies (Boroyevich and Burgas, 2003).
From the circuit point of view, this means that the actualvester circuit comprised of power
semiconductor devices is replaced with controlled curesmt voltage sources describing the
external behavior of the converter. This simplifies the gtafithe circuits consisting of power
converter units, since the circuits become invariant fowvalid switching state combinations
(Jin, 1997).

To find a unique electrical description of a certain topoloijyis necessary to add some
topological restrictions to the circuits connected to powa@nverter ports. These restrictions
include that the input and output ports must be connectetidcappropriate energy storage
elements, that is, capacitors or inductors, which may beragfghe connected sources and
loads. Furthermore, when the input side is of the currentcgotype, the output side must be
of the voltage source type, and vice versa. Moreover, it hastnsured that the operation of
the switching circuit is such that the current sources ou@tars are not open circuited and the
voltage sources or capacitors are not short circuited atiarey(Boroyevich and Burgos, 2003).

Let us apply the switching function concept to a single pheg®f a two-level three-phase VSI
shown in Fig[2.1(a). The phase leg consists of two switckilts, which are comprised of a
controlled switching devic#? and an anti-parallel diode; . The variabley € {a, b, c} denotes
the phase and € {+, —} is used to distinguish the upper and lower devices. The bimiic
cells can be presented with a single-pole single-throw {3B®itches as depicted in F[g. 2.7(b).
The state of the SPST switch, that is, whether the switch @& ap closed, can be indicated by
the following switching function for the switches

v _ {1 , When the switcls is closed 2.1)

0 , when the switcls; is open
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The switchS is closed whenever the switching deviEg is controlled to the on-state or current
flows through the anti-parallel diode}, and otherwise the switch is open.

There are switching constraints for the upper swi@h and the lower switct8;. These
constraints include that the capacitor cannot be shomitgd and the inductor cannot be open
circuited. This means that one of the switcgsor S, has to be closed, while the other has to
be open at any time. This relationship can be expressed by ssiitch switching functions as

r;' +r, =1 (2.2)

The switching constraini(2.2) indicates that the uppetcﬂvﬁ; and the lower switcl8 ; operate
as a single-pole double-throw (SPDT) switch illustratedrig.[2.1(c). The state of the SPDT
switch, that is, whether the switch is connected to the pesitr negative direct voltage bus, can
be indicated by using a phase switching function as

1 h . h i
.y = { , whenS,, is connected to the positive dc bus 2.3)

0 ,whenS,, is connected to the negative dc bus

Let us consider Fig. 2.1{c) in more detail. A phase leg va@fabat is, the voltage between the
pointsp ando, equalsw,,, = u,. When the phase switching functiep = 1 and whenr,, = 0,
u,, = 0. Thus, the phase leg voltage can be defined by using the piéshiag function and
the dc link voltage as

Upo = Tplge (2.4)

po

Similarly, for the positive dc bus current we can write

i =r,i, (2.5)

Based on[(2]4) and_(2.5), the external behavior of the phegedn be described with the
controlled current and voltage sources as illustratedgrZL(d).

The phase switching function (2.3) is a discontinuous fiomctTo get rid of the discontinuities,
switching functions can be averaged over a switching pefigd (Wester and Middlebrook,
1973). In the case of phase switching functions, averagipgiformed as

1/t
dp:T /t_T r,dt (2.6)

sw swW

whered,, denotes an averaged phase switching function, also knoarphase duty cycle. The

effect of averaging is approximately that of a low-passtiltéth a cut-off frequencyv; =

27 /T, (Wester and Middlebrook, 1973). Because of this, phase citles are useful when

frequencies below the cut-off frequency are studied. Usligphase duty cycle, the inverter
phase leg can be presented as shown in[Fig. 2.1(e). This ghtee-leg-averaged model of a
single phase leg of the two-level three-phase VSI.

2.2.2 Reference frame transformations

To present the reference frame transformations, it is adewneto start with a brief introduction
to the theory of space vectors that was, according to (H&B86), formally introduced by
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Fig. 2.1: Single phase leg of a two-level voltage sourcertevepresented usirfg_{a) controlled switching
devices and anti-parallel diodds, |(b) single-pole sirigtew switches[ (¢) a single-pole double-throw
switch, and current and voltage sources, which are coattalith[(d) instantaneous phase switching
functions anfl (&) averaged phase switching functions alswk as phase duty cycles.

Kovéacs and Racz (1959). Although the space vector theonowgimally intended to be used in
the transient analysis of electrical machines, it can beleyed as a modeling and analysis tool
for any three-phase system of currents, voltages, flux ipkgand so on. The basic idea behind
the space vector theory is to represent three-phase deamiith a complex space vector. It
must, however, be emphasized that the space vector doesmaircinformation about a real
zero-sequence component, which refers to the sum of thrasgmuantities.

Consequently, a general three-phase system can be explssaecomplex space vector and a
real zero-sequence component, defined as

hugd =]

°=c (ao:ra +alzy, + a2xc) =z4 + jap (2.7)
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and
xo = co (z, + 2, + ) (2.8)

respectively. The superscripis used to denote that the space vector is expressed in@stati
reference frame; andc, are scaling constants and= e/2"/3. The unit vectors’, ', anda?

are used to indicate the orientation of three-phase axesamalex plane, and,, z,,, andz_ are
instantaneous values of the phase quantities. Furthermoendz s are the real and imaginary
components of the space vector. Although the scaling cotsstaandcy can be chosen freely,
they are commonly, and also in this dissertation, chosen @s2/3 andc¢, = 1/3. This is
usually referred to as a peak value scaling, since the grojecof the space vector on the phase
axes directly yield the instantaneous values of the phaaetiies. Hereafter, equations relating
to space vectors and zero-sequence components are pceassiiening peak value scaling.

The transformation of three-phase quantities into the dexngpace vectoif(2.7) and the real
zero-sequence componehi {2.8) can be thought of as a trarafon from a stationarybc
coordinates into a stationary30 coordinates. This transformation can be expressed by using
matrix notations as

Ty 9| 1 -1/2  -1/2 T,
ol =30 V3/2 =32 |, (2.9)
20 12 12 12 | |=,
—— ——
X480 T, s50 Xabe

The transformation back into théc coordinates can be performed as

Ty 1 0 1] |zq
x| = |-1/2 V3/2 1] |zp (2.10)
Z —1/2 —/3/2 1] |0

—— ——

Xabe T ! XaB0

B0

For the analysis and control design purposes, it is connétoeexpress the space vector in some
other coordinate system than in thg coordinates. Usually, the space vector is transformed into
adq coordinate system that rotates at an angular frequendyis transformation is particularly
useful when the angular speed of the three-phase systers¢ggangular speed of the rotating
dq coordinates. This is because in the steady-state, the gpatm® quantities become constant.
The transformation intdq coordinates is defined as

—r —

I =7%"1" =2/3 (a’z, + a'zy, + a’z,) e = (xo + jag) e’ (2.11)

where the superscripindicates that the space vector is expressed in the rodimglinates and
6 is the angle between the real axis of thecoordinates and the real axis of thg coordinates.
In the steady-state, the angle can be express@d-ast + 6.

Based on[{2.11), the transformation into rotating coorgisaan be realized using eithéic or
af coordinate quantities. Let us only consider the former.hia tase, the transformation can
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be expressed by using matrix notations as

x4 5 | cos (0) cos(0+2n/3) cos(0+4n/3)| |z,
ZTq| =z |sin(0) sin(0+27/3) sin(0+47/3)| |z, (2.12)
z| 3| 12 1/2 1/2 z,
Xdqo Taq0 Xabe

It is emphasized thaf (Z.1L2) contains also a zero-sequampanent, which is independent of
the reference frame (Sao and Lehn, 2006). THus, (2.12) cdmologht of as a transformation
from the stationaryubc coordinates into thelq0 coordinates, where théqg coordinates are
rotating. The transformation back into the stationa@iy coordinates can be performed as

ra] [ cos (6) sin (6) 1] r’d]
x| = |cos(0+27m/3) sin(f+2n/3) 1| |zq (2.13)
cos (0 +4n/3) sin(0+4n/3) 1| |=zo

x -1 X
abc T iq0 dqo0

2.2.3 Linearization of nonlinear state-space models

Linearization of a vector of nonlinear functions can be perfed by calculating the Jacobian
matrix and evaluating the matrix in the steady-state ommratoint (Antsaklis and Michel,
2006). In brief, a Jacobian matrix is a matrix that contaithdist-order partial derivatives
of the functions to be linearized with respect to all varéblLet us consider how this is applied
to a nonlinear state-space system of the farm (Roubal &G09)

x(t) =f(x(t),
y () =g (x(1),

), x(0)=x0 (2.14a)
(1)) (2.14b)

u
u

wherex, u, andy are vectors containingy staten, input, andr, output variables, respectively,
f andg are vectors of differentiable functions with approprisii@ensions, and denotes time.
For an operation poinftxg, ug, yo } that satisfies

0= f(X(),ll()) (2153)
Yo = g (X0, o) (2.15b)

a linearized model approximating the nonlinear sysfen#)xan be expressed as

A% (t) = AAx () + BAu (¢) (2.16a)
Ay (t) = CAx (t) + DAu (¢) (2.16b)

where the operatah denotes the deviation from the operation point

Ax (t) = x(t) — % (2.17a)
Au(t) =u(t) —up (2.17b)
Ay (t) =y (t) = yo (2.17¢)
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and the state, input, output, and feedforward matricesiaes ¢py

rof oA .. 8hH 7 rofi of ... Oh
Oz Oxa Oy Ouy Oua OUny,
9fs Of2 ., Of2 ofr  8fr . Ofr
A — Ox1 Oxo 0%y 7B _ Ouq Ous Oun,, 7
Ofne  Ofne ... Ofn Ofne  Ofne ... Ofme
L Ox1 Oxo 0%y, J (x0,10) L Ouy Ouso OUn,, (x0,u0)
réa 9o ... 947 romn 9o ... B¢
Oy Oxa Oy Ouy Oua OUny,
992 %92 ... 992 992 992 .. 092
Oy Oxa Oy Ouy Oua OUny,
C= D=
99ny  Ogny,  Ogny Ogny  Ogny  Ogny
L Oxq Oxo 0%y (x0,u0) L Ouq Ous Ouny, (x0,u0)
(2.18)

2.2.4 Modeling example - single two-level three-phase iee

Let us consider, as an example, a single two-level threseki&l feeding a resistive-inductive
load shown in Fig[ 2.2(d). By applying the phase leg avemgichnique, we can obtain a
phase-leg-averaged circuit model shown in Fig. 2]2(b).ipg Kirchhoff’s voltage law (KVL)

to loopsL,; andL,, and the current law (KCL) to nodeyields a set of differential and algebraic
equations

. d . . d .
0 = daug. — Rata — Laaza + Ryip + Lb&zb — dpug, (2.19)
d d
0= dbudc - Rbib - Lbaib + Rcic + Lcaic - dcudc (220)
0= ia+ ib + dc (2.21)

Let us now choose the state and input vectors as

Xabe = [ia b dc] (2.22)

Uy, (2.23)

The dimensions of the state and input vectors equal in batesSax 1. Writing (Z.19)-[{Z2.211)
into the form

Eabcaxabc = Fabcxabc + Gabcuabc (224)

where matrice€,, , F,, , andG,,  are used to indicate a leading matrix, a state matrix, and

an input matrix, respectively, yields

Lo —Ly, 0] [&f “Ra Ry, 01[i] 1 -1 07 [da
0 Ly —Le| |&iy| =] 0 =R, Re| |in|+ |0 1 —1| |dp|ug
0 0 0 4, 1 1 1| |ie 0 0 0] |de
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(b) Phase-leg-averaged model.

Fig. 2.2: Circuit schematic and a phase-leg-averaged mafdel single two-level three-phase inverter
feeding a resistive-inductive load.

In this case, the leading matrix is a singular matrix becafdée zero row. In other words,
the leading matrix is not invertible. As a consequence, yiséesn of equation$ (2.25) cannot be
directly transformed into a set of first-order differenggjuations as

d

&Xabc = E;blcFachabc + E;bchabcuabc = Aabcxabc + Babcuabc (226)

This problem can be solved by differentiating the algebegjeation[(2.211). The differentiation
results in

d d d
_ 4. ,d 0 d. 2.27
0= qlat gl T gl (2.27)

Now, the system of equations comprised[of (2.10), (2.20), @®27), can be expressed in the
form of (2.24) as

L. —L, 07 [&ia "R, Ry, 07 [i 1 -1 07 [da

0 Ly —L| |Liy|=]| 0 —Ry Rc| |ib]+ |0 1 —1| |dp|ug

S S o 0 0] |i 0 0 0] |d
(2.28)

Since the leading matrix is a nonsingular matrix, we canstiamm [2.28) into a set of first-order
differential equations by applying (2126). The resultitats and input matrices can be given as

LyRc

. (Lb+Lc)Ra L Ry
(LaLo+LoletLvLe)  (LalotLaLetLoLe) (LoLo+LaLetLyLe)
A — LR, _ LatLe) Ry LaRe (2.29)
abc = | (LaLy+LaLc+LnLc) (LalvtLaletlvLe)  (LalotLaLetLunLe) :

LyRa L.Ry _ (La+Ly)Re
(LaLb+LaLc+LyLe) (LaLb+LaLc+LyLe) (LaLb+LaLc+LyLe)
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(Lp+Le) - L. N Ly
(LaLp+LaLc+LyLe) (LaLpy+LaLc+LyLe) (LaLy+LaLc+LyLe)
B — | _ L. (La+Lc) _ La (2 30)
abc (LaLb+LaLc+LyLe) (LaLb+LaLc+LyLe) (LaLb+LaLc)"‘Lch) )
_ b _ Lo atLy
(LaLy+LaLc+LyLe) (LaLp+LaLc+LyLe) (LaLy+LaLc+LyLe)

SettingL = L, = L, = L. andR = R, = Ry, = R, thatis, assuming a symmetric three-phase
system, results in

+2/3 —1/3 -1/3 R
=—-—=|-1/3 +2/3 —1/3| =—-=T (2.31)
-1/3 —1/3 +2/3

A

abc

+2/3 —1/3 —1/3]
B,.=— |-1/3 +2/3 —1/3| =T (2.32)
L1z —1/3 1273| L

The dimensions of the state and input matrices are equaktd. Note also that the matriX is
defined as
+2/3 -1/3 —-1/3
T=|-1/3 +2/3 —1/3 (2.33)
-1/3 -1/3 +2/3

Now, a large-signal state-space model of a single two-lehete-phase VSI feeding an
inductive-resistive load can be given as

d
&Xabc = A pcXabe T BapcUane (2.34a)

Yabe = Cabcxabc (234b)

The dimensions of the output vectpy, . = [ya Ub yC]T equal3 x 1, and since all states are
measurable, the output mati@x,, ; is equal to an identity matrix

1
I=10 (2.35)
0

o~ O
= O O

Multiplying (2.348) and [{2.34b) by the transformation matT, , defined in [ZIP) and
replacing the state, input and output vectors wiff), = Tg(joxdqo, u,. = Tg&oudqo and
Yabe = Tg;()ydqo, respectively, results in

d — — —
Taao gy (quloxdqt)) = Taq0Aabe Tag0%aq0 + TaqoBabe TaqoUdqo (2.36a)
quoTJqloY dq0 = quOCabcT(IququO (2.36b)

The dimensions of the state, input and output vectors whieh denoted byx,,, =
.. 4T T T , ,
lia iq o U0 = [da dy dy] g, andy . = [ya yq o] . respectively, equalin

all cases} x 1.



28 Chapter 2. Small-signal modeling of parallel three-phadtage source inverters

Assuming steady-state operation conditions, thatiswt + 6y, and after some calculations, the
model [2.386) can be given as

d
g7 %da0 = Adqo¥aqo T BagoVaqotac (2.37a)

Ydqo = CdgoXdqo (2.37b)

where the output matri,,, is an identity matrix with the dimensions 8fx 3, and the state
and input matrice\ ; , andB,, ,, respectively, are defined as

R 1 0 0 0 w 0 R
Agp=-710 1 0|+ |-w 0 0 =-=T +o (2.38)
0 0 0 0O 0 O
1 1 0 0 1
By, =7 [0 1 0] =T (2.39)
0 0 O

Again, the dimensions of the state and input matrices e®jued. Note also that the matriK is
defined as

100
'=10 10 (2.40)
0 0O
and the matrix» shows the coupling between theandg-axes components

w 0
o=|-w 0 0 (2.41)
0 0

To obtain a small-signal model, the model(2.37) is linezdiin the steady-state operation point.
The linearization is performed by calculating the Jacolpieatrices and evaluating the matrices
in the operation point as instructed in Subsedfion 2.2.3 ptocedure eventually yields

d
&Axdqo = AdququO + quoAquO + quoAquO (2423)

AquO = quOAquO (2.42b)

where the state and input matrices,,, and B, are as defined in_(2.88) anfl (2.39),
respectively, and the output matr&, , is an identity matrix with the dimensions of
3 x 3. Furthermore, the vectors containing deviating varialsiess defined af\y,,, =

T . . . 17T T
[Ayd Ayq Ayo} ,Axdqo = [Azd Aig Azo] ,Avdqo = [Add Ad, Ado] Uqe,

andAw, , = (D, D, DO]T Awug.. The constant duty cycles are denotedDy, D, and
D, and the constant direct voltage by..
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2.3 Small-signal models for parallel three-phase voltageosirce inverters

Small-signal models for parallel two-level three-phasiage source inverters with separate
direct voltage sources and with a common direct voltagecgoaire presented in this section. Let
us, however, first consider the parallel inverter configaretin more detail and define the state
and input vectors.

As can be seen in Figk._2.3 and]2.4, common for both configunsatis that the outputs of

the inverters are connected in parallel through curreatish inductors denoted bg;. The
subscripti € {1,2,...,n} denotes the index of the parallel unit ands the number of parallel
units. The resistors denoted By are used to represent losses between the sources and the poin
of common connections. Furthermore, the inverters are tsdeded a common three-phase
resistive-inductive load denoted ¢, andLy,. In the following, equal output impedances of the
inverters, thatisR = Ry = Ry, =--- = R,andL = L, = L, = --- = L,, are assumed just

for the sake of simplicity.

Let us now define the state vectors. Since the output sideseofnverters contais (n + 1)
energy storage elements (inductors), a logical choice dvbalto choose all inductor currents
as state variables. Recognizing that the load currents eaxjwessed a5 1, = i1 + ip2 +

-+ +1ipn, Where the subscrigi € {a,b,c} denotes the phase, we can reduce the number of
state variables t8n. In other words, the output currents of the inverters canfosen as state
variables. Thus, the state vectors in tlbe coordinates can be given as

iabc,l
iabc 2
sep __ com __ ’
Xabe — X - : (243)

abc

iabc,n
where the superscriptep and com are used to indicate that the state vectors are for the
parallel inverters with separate and common direct voltmeces, respectively. Furthermore,
the vectors containing output currents of the individualeiters are defined aby.; =
[iai by im-]T. Sincei € {1,2,...,n} andn is the number of parallel units, the dimensions
of the state vectors equah x 1. In thedq0 coordinates, the state vectors are defined as

iqu, 1

iqu 2
sep __ _com __ ’
X4q0 = Xdq0 = : (2.44)

iqu,n

The vectors containindq0 coordinate currents are definediago,; = [id; iq: 70, . Also
in this case, the dimensions of the state vectors are eqgdal to1.

Let us now define the input vectors. Similarly as in the casa sihgle inverter unit, the phase
leg voltages of the inverters are chosen as the input vasaflhe input vectors can be defined
in the abc coordinates as

Uabc,1
Uabc,2

P =ui = . (2.45)

abc abc

Uabce,n
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ipr L Ry
Uqc,1 ——— i > n
- ier LL Ry
o,1 - "
+
Udc,2 —— i
0,2 -
1
udc,n jp—— J

Fig. 2.3: Parallel three-phase voltage source inverteth geparate direct voltage sources feeding a
resistive-inductive load.

The vectors containing the phase leg voltages of the indalithverters are defined in the case
of parallel inverters with separate direct voltage linksigs. ; = [da,i dy, ; dw—]T Uy, ; and

in the case of a common direct voltage linkwg,.; = [d,,; d,; dw-]T uy.. Again, since
i € {1,2,...,n} andn is the number of parallel units, the dimensions of the inmaters equal
3n x 1. In thedq0 coordinates, the input vectors are defined as

Udqo,1

Udqo,2
sep __ _.com __ ’
Ugqo = Waqo = . (2.46)

Udqo,n

The vectors containindqg0 coordinate voltages are defined in the case of parallelierewith

separate direct voltage links agqo,; = [dyq; dg; dO_’i]T ug,.; and in the case of a common
direct voltage link asiaqo,i = [dg; dq, doyi]T uy,.. Also in this case, the dimensions of the
input vectors are equal &n x 1.

2.3.1 Parallel inverters with separate direct voltage soes

For the parallel inverters with separate direct voltagerses) we can writen differential
equations and: algebraic equations by applying Kirchhoff’s voltage andrent laws. The
algebraic equations are obtained by applying KCL to nedgs € {1, 2, ...,n}. The differential
equations, again, are obtained by applying KVL to loops #ratformed between the inverters
and between the inverters and the load. Differentiatingtbebraic equations, writing the set of
differential equations in the forrh (2.24), and applyih@®@.results in a large-signal state-space
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model expressed in the stationaiy: coordinates

d
i = AR+ B (2.472)
Y = bt (2.470)

where the state matrix is defined as

n=lp _lp ... 1l T T T
aser _ R |RT ET : 1(R+nRy) |T T ..
abe T T, : . —=iT| n(L+nLy) | . ... T
f%T e %T "T_lT T ... T T
“circulating current part” "load current part”
(2.48)
and the input matrix as
olp —ip ... 1 T T T
1 n—1 . .
sp _ 1|77 T ST - S, o1 TT
abe T, . =17 n(L+nLy) | . .. T
—%T ... —%T anlT T ... T T
"circulating current part” "load current part”
(2.49)

The dimensions of the state and input matrices are equahte 3n and the matrixT is as
defined in[(Z.3B). The output matriX_;" is an identity matrix with the dimensions 8f x 3n.
Interestingly, the state and input matrices can be divideal two parts, which are termed as
"a circulating current part” and "a load current part”. Thiecalating current part shows the
dynamics of the currents, which can be excited by the phaseditage differences, while the
load current part shows the dynamics of the currents, whieldependent on the average phase
leg voltages.

Applying the transformation matriX' , , defined in[[2.1R) and the relationship betweendhe
anddq0 variables[[Z.13), the modél(2]47) can be transformed imb@del expressed in thi0
coordinates

d se
P _ sep _ sep sep ..sep
qpXda0 = AdgoXdqo T BdgoUiqo (2.50a)

Yaao = ClaoXaa0 (2.50b)
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where the state matrix is defined as

"coupling terms”

"circulating current part”

® 0 0 0 A T i
ASP _ 0 o - o| R iy -y :
dqo 0 oL -, 0 L . T
0O O 0 o _1y e iy nolmp
vor D (2.51)
1(R+nRy) | T :
n(L+nLy) |: A
r ... 1 T
"load current part”
and the input matrix as
n=1ly _ 1y . _iy T T .. T
nl / n—nl ! . » 4 / :
Bsep:i 7nI TI T . +l 1 I I c .
dao = p | o e AU (DL |0 e
iy . _ly n-ily r ... 1T T
“circulating current part” "load current part”
(2.52)

The dimensions of the state and input matrices eguat 3n. Furthermore, the matricds and
o are as defined i (2.40) arld (2141), respectively. The outadtix C3°, again, is an identity
matrix with the dimensions dfn x 3n.

Linearization of the mode[{Z.50) results in

d
SAXTR = AN AKX + BYRAVIL + BIL AW (2.53a)
Ayih = Cn A (2.530)

where the state and input matric'eA,ze(f; and B7?, are as defined in(2.51) and (252),
respectively, and the output mat@i% is an identity matrix with the dimensions 8f, x 3n.
The vectors containing deviating variables are defined as

[Ay, dq0,1 1

Ay = B0z (2.54)
| Ay, (;qO,n_
_Axdqo,f

Axio = a2 (2.55)
_AXC;qO,n_
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Aquo,1

AV = AquO’Q (2.56)
A"(;qo,n
Aquo,1

Awh = Awqu’Q (2.57)
AW;lqO,n

Furthermore, the vectors containing deviating variablesndividual inverters are defined
T . . . T
as Aydq()_j = [Ayd,i qu,i Ayo,i] aAqu()_’i = [Ald,i A'Lq,i AZO,Z’] yAqu()_’i =

[Ady, Ady; Ady;]" Uses, and Awyo, = [Dg; Dg; Doil Aug,, i €
{1,2,...,n}. Therefore, the dimensions of the vectors defined[by (2.&4%3), [2.56), and
(2.57) equaBn x 1. The constant duty cycles are denotedMy,, D ; and D, , and the
constant direct voltages @y,c ;.

2.3.2 Parallel inverters with a common direct voltage soarc

For the parallel inverters with a common dc voltage sourcecan write3n — 1 differential
equations and one algebraic equation by applying Kirchhefiltage and current laws. The
algebraic equation is obtained by applying KCL to neder n. The differential equations,
again, are obtained by applying KVL to loops that are formetieen the inverters and between
the inverters and the load. Differentiating the algebrajeagion, writing the set of differential
equations in the form{2.24) and applyirig (2.26) results ilarge-signal state-space model
expressed in the stationasyc coordinates

com __ com . com com._ . com
Exabc = Abe Xabe T Babe Uabe (2583)
com __ com,.com
Yabe = “abe Xabe (258b)

where the state matrix is defined as

n=ly iy 1y T T T
com_ R|-%L %L . 1| 1(R+nR) [T T -
abe L| oo =k o n(@L4nLy) |0 -0 -0 T

—%I ,7111 HT4I T ... T T

“circulating current part” "load current part”

(2.59)
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Gag, LU Ry

vy L Ry
Uqge =/ i

ier,  Lu Ry

4

Fig. 2.4: Parallel three-phase voltage source invertete wicommon direct voltage source feeding a
resistive-inductive load.

and the input matrix as

o=ly A ... 1 T T T
1 (-1 =11 ... : 1 1 T T oo
com _ — n n . + = _ )
abe Tp | oo Sl e (L4nLy) |t 0 T
_%1 _%1 an11 T ... T T
"circulating current part” "load current part”
(2.60)

The dimensions of the state and input matrices are eqdal 103n and the matrice¥®" andI are
as defined in[(2.33) an@_(2135), respectively. The outputim@t:?™ is an identity matrix with
the dimensions ofn x 3n. Interestingly, the only difference between the state ives{2.48)
and [2.59) and the input matricés (2.49) dnd (R.60) is in iteikating current parts. In the case
of separate direct voltage sources, the circulating ctpart contains the matriX’ defined in
(2.33), while in the case of a common direct voltage souhmecirculating current part contains
the matrixI defined in[[2.3b). Although this difference may seem to bairificant, it has an
influence on how the current sharing between the paralleriavs can be affected, as will be
analyzed and illustrated in the subsequent sections. Agplye transformation matrif; ,
and the relationship between théc anddq0 variables[[2.113), the stationary reference frame
model [2.58) can be transformed into a model expressed idgtheoordinates

d
com __ com.,.com com,.,com
qz Fda0 = Adao Xda0 T Bdgo Bdqo (2.61a)

vl = Cimxion (2.61b)
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where the state matrix is defined as

*coupling terms” “circulating current part”

® 0 0 0 S SR
Acom _ 0 o ’ 0 _ E 77111 %I .
ddo 0 . . 0l L] : SO
0 0 0 © _ilp ... iy ol
" ntoon (2.62)
T T T
1(R+nRy) | T :
n(L+nLy) |+ . .. T
r ... 1 T
"load current part”
and the input matrix as
n=ly _17 _11 T T ..
1| —ir =~ - : 1 1 r r - :
com _ — n n . + = _ )
doo =g | o S T n(@4nLy) |0 0 T
_171 _11 n=1y r ... T T
"circulating current part” "load current part”

(2.63)

The dimensions of the state and input matrices egual 3n and the matrice¥, I’ ando are as
defined in[(2.3b)[(2.40), anfl{Z]41), respectively. Theoumatrix C§', again, is an identity
matrix with the dimensions dfn x 3n.

Linearization of the mode[(Z.61) results in

d
EAXE%%I = Ao Axape + Bilo Avigo + Bige AWaan (2.64a)
Aygoo = Cioo AXg0 (2.64b)

where the state and input matricesfi;‘gl and Bg_‘gl‘gl, are as.defined. irﬂZBZ) and (2.63),
respectively, and the output mat@;' is an identity matrix with the dimensions 8f. x 3n.
The vectors containing deviating variables are defined as

[Ay. dqo,1 1

ayigy = | T2 (2.65)
| Ay, (;qO,n_
_Axdqo,f

AxEem = AquO’Q (2.66)
_Axqu,n_
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AquO,l

A%
Aveem = |07 (2.67)

AquO,n

Awsgm = |0 (2.68)
AVquO,n

Furthermore, the vectors containing deviating variablesndividual inverters are defined
T . . . T
as Ayqui = [Ayd p qu i Ay Z] Axqui = [Azdi Azq i Aig Z] Avqui =

[Ady, Ady; Ady J Ude, andAw, o, = [Dy; Dy, Do l] Auy,, i € {1,2,...,n}.
Thus, the dlmen5|ons of the vectors deflned[mz @ﬂz@]) and[(2.68) equaln x 1.
The constant duty cycles, again, are denotedhy,, D ; and D ; and the constant direct
voltage byUyc.

2.4 Discussion

In this chapter, small-signal models for two different pi@tatwo-level three-phase VSI
configurations were developed. In both cases, the models eereloped for parallel units.
Besides the development of models, the applied modelinggplure was explained in detail for
the sake of reproducibility.

The developed models{2]50) ahd (2.61) show that in the dqeerallel inverters with a common
direct voltage source, zero-sequence current paths abgewegen the inverters, while in the case
of separate direct voltage sources such paths do not ekistzdro-sequence current paths may,
however, also appear in the case of parallel inverters weijtlaate direct voltage sources. To be
precise, such paths appear if the direct voltage sourcemaisolated (Itkonen et al., 2008). Let
us consider this briefly with the help of two parallel voltageirce frequency converters depicted

in Fig.[2.5.

The direct voltage links of the frequency converters aredfgtlll-bridge diode rectifier bridges
that are used to convert the supplied alternating voltatgedimect voltage. Since the inputs of
the rectifier bridges are not galvanically isolated, thedlivoltage sources of the inverters are
separate but non-isolated. Because of this, the outputtodiiof the inverters may connect as an
inductive load to a "rectifier” that comprises the top diodésne rectifier bridge and the bottom
switches of the other rectifier bridge. Furthermore, sirds trectifier” does not contain a
filtering capacitor, a zero-sequence current may flow frografternating voltage source, through
the frequency converters, and back into the alternatintagel source whenever the inverters
apply different switching states.

In the worst case, all upper switches of one inverter bridgeall lower switches of the other
inverter bridge are closed at the same time. In such caseseazpro-sequence current path
appears through the frequency converters. The term 'pum@sagfjuence current’ refers to
the current that shows up only in thkeaxis (Xing et al.; 1999). This example shows that
although it was claimed that in the case of parallel invertégth separate direct voltage sources,
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Fig. 2.5: Parallel voltage source frequency converter$ wéparate but non-isolated dc links. When
inverters apply different switching states, zero-seqaengrent paths may appear through the frequency
converters. The resulting zero-sequence currents areedxay the supplied ac voltages.

zero-sequence current paths do not exist, a zero-sequemeatmay nevertheless flow through
the inverters. These zero-sequence currents are not, bovexeited by the direct voltage link
voltages as in the case of parallel inverters with a commigttivoltage source as the developed
parallel inverter models suggest.
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Chapter 3

Circulating current modeling and analysis of
parallel voltage source inverters

The previous chapter addressed small-signal modeling of kimds of parallel two-level
three-phase voltage source inverter configurations. sciapter, circulating current models are
developed for both configurations to explain the circupinirrent dynamics. The circulating
current models are developed for an arbitrary number oflleataits. Although the developed
models are basically used only to analyze the circulatirgectt generation mechanisms, they
can also be used in the design of circulating current cdetol Despite the fact that the
circulating current control design is outside the scopehed tissertation, also some subjects
related to the circulating current control are considenatthis chapter.

3.1 Definition of circulating current

The term circulating current has been widely adopted to ritescurrents that flow between

parallel-operating converter units (Pollanen et |al., 2(0tsang et al.| 2009a; Chen, 2009a).
Therefore, this term is used in this dissertation also. @Galyespeaking, a circulating current

can be considered to be a current that deviates from theedegirrent level. Usually, the desired
current level equals the load current divided by the numbparallel unitsi(Pan and Liab, 2007).

In other words, a circulating current equals zero when thd mrrent is shared equally between
the units. Sometimes the target may be to share the loadtumequally between the parallel

units. In these cases, the desired current level can be ssqutexs a certain proportion of the
load current/(Pan and Liao, 2008).

A mathematical circulating current definition presented [Pgn_and Liao [(2007) defines
circulating currents as

n

B ikaj - ik,m k S {avba C}
i = D n " jme{l1,2,...,n} (3.1)
m=1
wherej andm are used to indicate the index of the parallel unit &zrdenotes the phase. An
alternative and more general mathematical definition efut#iting current was presented by Pan

and Liao [(2008); they define circulating currents as

n

_ . ) k € {a,b,c}

Ck,j = Zl(hmlk,j _hjlk,m) ) j,mE {1,27'”7,”} (32)
wherej andm, again, are used to indicate the index of the parallel unitiscalenotes the phase.
Furthermorefh; andh,, are distribution factors of thg" andm™ converter, respectively. The
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sum of distribution factors equals’’_, h; = 1. By setting the distribution factors; = 1/n,
the definition[[3.2) simplifies intd[(j.l). Thus, the defioiti(3.1) is included in(3]2) as a special
case. Although both of the above definitions were origindByived for each phase of each
parallel unit, they can be applied also when currents areesspd in some other coordinate
system than in thebc coordinates.

3.2 Circulating current modeling

In this section, circulating current models are presentmdbfoth of the parallel inverter
configurations considered in the previous chapter. The ie@de derived and presented in the
Laplace domain. For simplicity, itis assumed that the divettage link voltages are constant. In
other words, the terms denoted W, andw§?g in the small-signal model§ (253) arid (2.64)
are set to zero. As a consequence of this assumption, alstafeespace models expressed in
the abc coordinates[(2.47) an@ (2]58) can be considered as linedelmoThus, we can apply
the derivation procedure described in the following todhecoordinate models also.

The derivation of the circulating current models is perfethin two stages. In the first stage,
transfer function matrices are obtained from the stateesp@odels applying
Y (s)

G@hﬁ”$:CMfAWB+D (3.3)

whereG (s) indicates a transfer function matrix, the input and outpedters are denoted by
Y (s) andU (s), respectively, and\, B, C, andD are the state, input, output, and feedforward
matrices, respectively. Furthermore, the matfriis an identity matrix with the appropriate
dimensions. Then, in the second stage, circulating currerdels are obtained by applying
the definition[(3.11) to the input-output models defined as

Y (5) =G (s) U (s) (3.4)

The input and output vectors and transfer function matridele resulting circulating current
models are denoted ByseP-<c (s), Y3P:<€ (s) and G®P-<¢ (s) or Ueomce (), Yo (g) and
Geomee (), respectively. The first superscript is used to indicatétthevector or matrix is for
parallel inverters with separate or common direct voltageaes, and the second supersceipt
denotes circulating current. Furthermore, the subsctifat@anddq0 are used to denote that the
vector or matrix is expressed in théc or dq0 coordinates.

3.2.1 Parallel inverters with separate direct voltage soes

Let us first consider parallel inverters with separate divettage sources. Transforming the
state-state space mod€l (2.47) into input-output model3®§) (and [3.¥) and applying the
definition [3.1) results in a circulating current model, thensfer function matrix of which is
defined as

%T _1T —%T
R .
Ls+R : R (3.5)

—%T ,%T n=1lm

@G sepsec (S) _

abc
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The dimensions of the transfer function matrix egqdalx 3n. Furthermore, the matri¥ is as
defined in[(Z.3B). Similarly, we can obtain a circulatingremt model, which is expressed in the
dq0 coordinates applyind (3.3), (3.4), arid (3.1) to the smigihal model [2.5B). The transfer
function matrix of the resulting circulating current modah be given as

nly 1y .. 1y
sep,cc Ls+ R 7%1/ nT—III '
quo (s) = 5 3 ! ‘ . .
iy _ly n=Lly
1 "7 3.6
nr—llw —l(x) —%(1) ( )
L —ro e
L 2 I 2 . . 71(1)
(Ls+ R)* + (wL) . 1
e —po e

where the matrice¥’ and » are as defined i (2.#0) and_(2141), respectively. Again, the
dimensions of the transfer function matrix eqgal x 3n. Interestingly, both thebc anddq0
coordinate transfer function matrices imply that the disting currents are not dependent on
the load. This is, however, only because the output impeskaatthe inverters were assumed
equal and because the definitibn {3.1) assumes equal logmhtsharing between the inverters.
In other words, the implication that the circulating cutseare not dependent on the load holds
true only as a special case.

3.2.2 Parallel inverters with a common direct voltage soarc

Let us now consider parallel inverters with a common diredtage source. Transforming the
state-state space model(2.58) into an input-output modé@A) and[(3.4) and applying, again,
the definition [[3.11) yields a circulating current model, trensfer function matrix of which is
defined as

n_ly  _1y —11
1 — 1I ul °. .
Gcom,cc _ n n : : 37
abc (8) Ls+ R : —%I ( )
A

The dimensions of the transfer function matrix eqialx 3n. Furthermore, the matrik is as

defined in[(2Z.3b). Applyind(313)[.(3.4), arld (B.1) to the #rsmnal model[[2.64), we obtain a
circulating current model that is expressed in @gé coordinates. The transfer function matrix
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of the resulting circulating current model can be given as

nely  _ip .. 1y
Gcom.cc( ) Ls+ R _%I/ nTﬂI/ .
€ (&) — :
o LstRELWL? | & . —ir
—%II —%I/ nT_lll
uw —l(l) _lw
L —Ro e o
i 2 2 : : : 1 (3.8)
n—lyr 1y _1q
1 fnlI// n_—nlI// n
+L5+R 7%1”
—iy _ 1y n=lyn

The dimensions of the transfer function matrix egialx 3n and the matrice¥’ andw are as
defined in[[2.4D) and (Z.#1), respectively, and the mdttiis defined as

0
" = |0
0

o O O

0
0 (3.9)
1

Again, both theabc and dq0 coordinate transfer function matrices imply that the dating
currents are not dependent on the load. However, as exglpiegiously, this holds true only as
a special case. Note also that the additional ternisin (88pared with[(316) are related to the
zero-sequence dynamics.

3.3 Circulating current control related subjects

Let us consider a few topics related to the circulating auroentrol in the following. First, let
us determine how many parallel units should be equippedthvtitirculating current controllers
to ensure that the current flow between the inverters can beatled. Then, let us consider
the number of phase leg voltages required to be controlleshsuire that the commands from
the circulating current controllers can be realized in gprapriate way. Finally, let us consider
the control effort needed to generate a certain amount ofileiting current. The result of this
consideration can be used inversely; in other words, we gproaimate the control effort needed
to mitigate a certain amount of circulating current.

To meet the objectives of this section, we apply a singularevdecomposition (SVD) that can
be used to factorize any x n matrix A into (Rade and Westergren, 2001)

A =QSPT (3.10)

In brief, the SVD factorizes the matriXx into two orthogonal matrice®),,, .., andP} . and

a diagonal-type matri$,, ,.,,, the real and nonzero diagonal elements of which are known as
singular values ofA. Here, it is pointed out that obtaining of the matri®s P™ andS is
considered in Append[xIA.
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One of the useful properties of the SVD is that the number pfjdar values equals the
rank of A. The rank, again, defines the maximum number of linearly pedeent row and
column vectors in a matrix_(Kreyszig, 1999). If all row (orlamn) vectors are not linearly
independent, there are row (or column) vectors in the mé#tax can be expressed as a linear
combination of the linearly independent vectors. The vwedioat are linear combinations of the
linearly independent vectors are unnecessary and canrbaated. This is because the linear
combinations carry the same information as the linearlgjp@hdent vectors.

3.3.1 Number of required circulating current controllers

Let us now consider the transfer function matrides](3.6) @8), which correspond to the
parallel inverters with separate and common direct volsmaces, respectively. Let us also
assume a parallel connection of two units=£ 2) and thats = 0 for the sake of a convenient
representation. With these assumptions, the transfetiummatrix [3.6) can be given as

r 1l R 1 wL 0 1 R 07
2 R2¥w?L? 2 R?24w?L? 2 RZ+w?L?2 2 R2+w2L2
1 wL 1 R 1 wL 1 R
T 2R?1w?2L? 2 R2FwW2L2 0 2 R24+w?L? = 2 R24w2ZL2 0
; 0 0 0 0 0 0
sep,cc _
quO (0) - 1 R 1 wlL 0 1 R 1 wlL 0 (311)
2 R2+w2L? ~ 2 R2+w2L 2 R2+w?L? 2 R?+w?lL?
1 wL 1 1 wL 1 R
2 RZFwW2LZ 2 R2+w2L 0— T 2R?Fw?L? 2 R?+w?L? 0
L 0 0 0 0 0 0]

Applying the SVD to[(3.111) shows that the matrix has two slagualues, see AppendixAJ.1.
In other words, there are two linearly independent row wectt maximum in the matrix.
From [3.11) we can see that the fourth row equals to the firgtmaltiplied by —1. Similarly,
we can see that the fifth row is equal to the second row muétigliy —1. Thus, the rowsl, 5
can be written as a linear combination of the raws.

Eliminating the rowst, 5 from (3.11) by summing the row into the row4 and the row2 into
the rows5 results in

1 R 1 0— R 1 0
2 R2Z4w2L2 2 Rz-ﬁ-sz2 2 R24+wW2L2 2 R2+w2L2
/sep,cc — | _1 wlL 1 1 wlL 1 R
G dq0 (0) — | T 2R?¥WIL? 2 R2+w2L2 0 2 R2Fw2L? ~ 2 R2FwiL2 0 (312)
0 0 0 0 0 0

from which we can see that circulating currents flowing framtp) the unit number one can
be controlled by manipulating th&-axes voltages of the unit number one or two or both of the
units. Since it is unnecessary to use controllers in both@imits, we can write

l R wL 0
2 RZ+w?L? 2 R2+w2L2
I1sep,cc _ | _1 wL 1 R
G dq0 (0) = 2 R24+w?L? 2 R24+w?L? 0
0 0 0

(3.13)

From [3.I3) we can conclude that in the case of two parallésuiie current flow between the
parallel units can be controlled by equipping one of the lpenanits with thedg-axes circulating
current controllers. Furthef, (3113) can be expressed waomactly by neglecting the row and
column vectors that correspond to thexis, that is, the zero row vector and the zero column
vector.
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Let us now consider the transfer function matrix

1 R 1 wl 0 1 R 1 wL 0 ]
2 R?4+w?L? 2 R?>4w?L? 2 R?24w?L? 2 R?4w?L?
wL 1 R 1 wL 1 R
T 2R*+w?L? 2 R?+w?L? 0 Smvor —amterrz U
0 0 11 0 o -1l
com,cc _ 2R °R
quO (0) - 1 R _1 wl 0 1 R 1 wl 0
2 R?2+w?L? 2 R?24w?L? 2 R?24w?L? 2 R?>4w?L?
1 wL 1 R 0 — 1 wlL 1 R 0
2 R?4w?L? 2 R?+w?L? 2 R?24w?L? 2 R?>4w?L?
11 11
0 0 —IF 0 0 IR

(3.14)

which is obtained from{3]8) by setting = 2 ands = 0. Applying the SVD to[[3.14) shows
that the matrix has three singular values, see AppdndiX@A.Thus, there are three linearly
independent row vectors at maximum in the matrix. From (Bwelcan see that the rows5, 6

are equal to the rows, 2, 3, respectively, provided that each of the subsequently ioreed row

is multiplied by—1. Thus, the rowsl, 5,6 can be written as a linear combination of the rows
1,2, 3, respectively.

Eliminating the rows4, 5,6 from (3.14) by summing the rows, 2,3 into the rows4,5, 6,
respectively, yields

1 R 1 wlL

1 R 1 wL
2 R2+w?L? 2 R2+w?L? 0 —3 RZ+w?L? ~ 2 RZ+w?L? 0
/com,cc _ | _1 wlL 1 R 1 wlL _1 R
G dq0 (0> - 2 R24+w?L? 2 R?24w?2L?2 0 2 R24w?L2 2 R2+w?L?2 0 (315)
11 11
0 0 2% 0 0 “3R®

from which we can see that circulating currents flowing framtf) the unit number one can be
controlled by manipulating théq0-axes voltages of the unit number one or two or both of the
units. Since it is unnecessary to use controllers in botheimits, we can write
1 R 1 wl 0
2 RZ4w2L? 2 R2tw?L2
G/Ig(():l%l,cc (O) — _% RQ-(:fQLZ 5 R2+122L2 0 (316)
0 0

[

11

2R

From [3.16) we can conclude that also in this case only orteegbarallel units must be equipped
with the circulating current controllers. The differencengpared with the previous case is,
however, that in addition to thég-axes controllers, alsd axis controller is needed to ensure
that the current flow between the parallel units can be cettoThis is a significant difference,
since the zero-sequence circulating current control bgicequires that all phase leg voltages

of the inverter are controlled all the time. This is cons@kim more detail in the following
subsection.

So far, we have demonstrated that in the case of two paralied,uonly one of the parallel
units must be equipped with the circulating current coters| In the case of parallel inverters
with separate direct voltage sources, one of the inverterst ine equipped with thég-axes
controllers, while in the case of a common direct voltagerseulq0-axes controllers must be
used. Let us generalize these results.

It can be shown that in the case of three parallel units wigasse direct voltage sources, the
number of singular values df (3.6) equals four, in the cadewf parallel units six, and so on.
Thus, we can conclude that in the casewqfarallel units, the number of singular values equals
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2 (n — 1). Performing a similar elimination procedure as in the cd$eo parallel units, we can
eventually conclude that it is necessary to manipulate/¢haxes voltages only in — 1 parallel
units to ensure that the current flow between the parallé$ wain be controlled. In other words,
the overall number of the required circulating current coligrs equals the number of singular
values of[[3.6), that i€ (n — 1).

In the case of three parallel units with a common direct ga@taource, the number of singular
values equals six, in the case of four units nine and so ons, Mg can conclude that the number
of singular values in the case nfparallel units equal8 (n — 1). This, again, implies that it is
necessary to manipulate tlig0-axes voltages only im — 1 parallel units to ensure that the
current flow between the parallel units can be controlledbther words, the overall number of
the required circulating current controllers equals thenber of singular values of (3.8), that is,
3(n—1).

3.3.2 Number of phase leg voltages required to be controlled

It was mentioned in the previous subsection that the zegoesece circulating current control
basically requires that all phase leg voltages of the ievesthould be controlled all the time to
ensure that the current flow between the parallel units cambgolled. This can be understood
by recalling that the zero-sequence circulating referi¢éoaveraged sum of the inverter phase
currents. A better way to illustrate this is to examine tl@sfer function matrices expressed in
theabc coordinates as has been done.in (ltkonen et al., 2009b).

Consider the case of parallel inverters with a common divettage source. Froni(3.7) we
can see that the relationships between the phase legse®ltd@ certain unit and circulating
currents corresponding to the unit in question can be gigen a

""com,cc n—1
G )= TR

1 0 O

0 1 0 (3.17)

0 0 1

The rank of this of this matrix equals three. Therefore,dtae three linearly independent rows
at most in the matrix. Furthermore, since the off-diagoteinents of the matrix equal zero,

circulating currents in a certain phase can be controlldd loy controlling phase leg voltages
of that particular phase.

Let us consider for comparison the case of parallel invextéth separate direct voltage sources.
From [3.5) we can see that the relationships between thepégsoltages of a certain unit and
the circulating currents corresponding to the unit in goestan be given as

G”Sep cc n—1 +?/§ _;/g _1/2 >4
abe (8) = n(Ls+ R) :1?3 1L1?3 4:2;3 o

The rank of this matrix equals two indicating that there am@ltnearly independent rows at most
in the matrix. This result means that we can control ciréogaturrents in a certain phase either
by controlling phase leg voltages of that particular phasalternatively, phase leg voltages of
the other two phases of the inverter.
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3.3.3 Control effort considerations

The transfer function matrices (3.6) and {3.8) show theimahips between the inverter output

voltages and the circulating currents. With the help of ¢hegoressions, we can determine the
control effort needed to generate a certain amount of @tmg current. The matricels (3.6) and

(3.8) are, however, singular indicating that they do notehar inverse. In other words, there is

no unique solution that can be obtained from the input-aLipadel as

U (s) = (G (s) 7 Y (s) (3.19)

However, as illustrated in Subsectibn 3]3.1, we can eliteirsmd neglect certain rows and
columns from the matrices because some of them are lineabioations of the others. The
rows and columns that can be eliminated and neglected caxpbessed as

Gl(nfl) (S)

; : - (3.20)
Gin-1(8) - Gu_nm-1 (8

In other words, we can eliminate th€" row and neglect thes column. The remaining
subset, the background of which is colored with differergdss of gray is invertible. Correct
dimensions forG;; (s), i,j € {1,2,...,n} can be obtained by comparirig_(3120) for example

with @.8).

From [3.20) we can conclude that in the case of two paralligs time remaining subset includes
only one element, that i€z1; (s). However, in the case of > 2 parallel units the remaining
subset contain the elemen; (s), i,j € {1,2,...,n—1}. In these cases, the off-diagonal
elements indicate that the circulating current contrsligfrthe parallel units will interact with
each other in a similar fashion as thg-axes circulating controllers will do within each unit,
provided that thelg-axes are not decoupled. Decoupling of theaxes has been dealt with in
the case of a single voltage source inverter for example_iio8evic et al.; 2006). Although
the same principles can be applied also in the case of plaraltage source inverters, it is not
considered here.

Let us now consider the control effort needed to generatetais@mount of circulating current.
Let us also assume, for simplicity, parallel connectionad tinits. Based on the preceding, we
can write for the parallel inverters with separate diredtage sources as

1 Ls+R 1 wlL
I1sep,cc . 2 (Ls+R)?+(wL)? 2 (Ls+R)?+(wL)? /1sep,cc
Y dq0 (s) = 1 wL Ls+R U dq0 (s) (3.21)

1
T 2(Ls+R)*+(wL)? 2 (Ls+R)*>+(wL)?

and for the parallel inverters with a common direct voltagarse as

1 Ls+R 1 wL 0
2 (Ls+R)?*+(wL)? 2 (Ls+R)?*+(wL)?
/lcom,cc o 1 wlL 1 Ls+R /lcom,cc
Yaq0 " (8) = 2(LstR)Z+(wL)?  2(LstR)+(@L)? 0 Ui ()
0 0 11
2 Ls+R

(3.22)
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Transforming[(3.211) and (3.22) into the form (3.19) resirtthe case of parallel inverters with
separate direct voltage sources in

2(L —2wlL )
( § + R) w Y/I:’ep,CC (S) (323)

U/Isep,CC s) =
aso (#) 2wl 2(Ls+ R) dao

and in the case of parallel inverters with a common dirediagd source in

2(Ls+ R) —2wL 0
U@ (s) = 2wl 2(Ls+R) 0 Y 50 () (3.24)
0 0 2(Ls+ R)
Expressing the input vectors a8 3% (s) = [Ca/s Cq/s}T and Y'307 (s) =

[Cd/s Cq/s Co/s}T whereCy4, Cq, Cy are the "desired” steady-state circulating currents
and finding inverse Laplace transformations results in

Uq (t) B 2L6 (t) + 2R —2wlL Cq (3.25)

ug (6| 2wl 2L (t) +2R | |Cy '
and in

Uq (t) 2L6 (t) + 2R —2wL 0 Cyq

uq ()| = 2wl 200 (t) +2R 0 Cq (3.26)

uo (t) 0 0 2L5 (t)+2R | |Co

whered (t) is Dirac’s delta function. Since Dirac’s delta function feagero value everywhere
except at = 0, we can write fort > 0 as

va]l [ 2R —20L ] [cC4 @.27)

Uy 2wL 2R Cy '
and

(U4 2R —2wL 0 Cq

Ul=| 22L 2R 0 Cy (3.28)

| Uo 0 0 2R | |[Co

Now we have expressions that can be used to estimate theokeffort needed to generate a

certain amount of circulating current. As can be seen, timrobeffort needed increases, while

the impedance between the parallel units increases. Thessipns(3.27) and(3.28) also imply

that increasing the impedance between the parallel uniteelp to keep circulating currents at a

low value. This is because sensitivity to the variationshim inverter output voltages decreases.
This property has been exploited (n_(Younis et lal., 2009)emglthe current sharing between

parallel units is improved by adding series resistors iririfaerter outputs. The improved current

sharing comes, however, at the expense of increased inlesses.
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3.4 Circulating currents caused by the dead-time effects

Contributions  considering parallel-operating power semductor devices and
modules |(Hofer-Noser _and Karrer, 1999; Nelson et lal., 2(B@rtis et al.,[ 2008) have
identified that differences in finite turn-on and turn-offiis of switching devices and forward
voltage drops of switching devices and anti-parallel dgodause unequal load current sharing
between the modules. It has also been stated that diffesénddanking times that are used
to prevent short circuits in the inverter phase legs canecairsulating currents between the
units (Zhang et al, 2005). The following concentrates ardyihg how the overall effects
of these parameter variations, which are commonly calletidene effects (Cichowski and
Nieznanski, 2005), affect the circulating current gerieralbetween parallel two-level VSis.

3.4.1 Average phase leg voltage formation

To facilitate the understanding of how the dead-time effdafluence circulating current
generation between parallel two-level VSIs, it is convahie@st to consider phase leg voltage
formation with the help of Fig§. 3.1 ahd B.2. The former shavgingle phase leg of a two-level
VSl feeding an inductive load, and possible paths for pasiind negative phase currents. The
current flowing from the phase leg to the load is defined as #@ipophase current, and the
current flowing from the load to the phase leg as a negativegbarrent. When the phase
current is positive, the current flows either through thearmgwitching deviceél';” or the lower
anti-parallel diodeD; as shown in Fig[ 3:1(p), and when the phase current is negdtie
current flows either through the lower switching deviég or the upper anti-parallel diodg;"

as illustrated in Fid. 3.I(b).

+ ° + )
Ve —— TH &XDF Ude —— T |&DF
— ® L . — * L .
a 7 a 1
0 a ~ (00— o —— 1] NI
+ b —+ 3
Ude T /r- |&p: Yde T T, ZAD;
— T —_ »

(a) Positive phase current.

(b) Negative phase current.

Fig. 3.1: Single phase leg of a two-level voltage sourcertevefeeding an inductive load and possible
paths for positive and negative phase currents.

Phase leg voltage formation is illustrated in Hig.]3.2 fothtbthe positive and negative phase
currents. In this context, phase leg voltage refers to thage between the output nodeand
the dc link midpointo. For simplicity, it is assumed that the dc link voltage and torward
voltage drops of switching devices and anti-parallel d&dehich are denoted byy., U, and
Up, are constantl’ , andT g are the desired on- and off-times of the upper switchingagvi
ton > 0andt g > 0 are the finite turn-on and turn-off times of the upper and losweitching
devices, and,; > 0 is the necessary blanking time used to prevent a short tirctlie phase

leg.
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(a) Output voltage formation for a positive phase current.
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(b) Output voltage formation for a negative phase current.

Fig. 3.2: Inverter phase leg voltage formation for positwel negative phase currents. ldeal waveforms
neglect the effects of the blanking time, the finite turn-ad &urn-off times of the switching devices, and
the forward voltage drops of the switching devices and thiegarallel diodes.

Assuming that both the upper and lower switching device®pemed and closed, or vice versa,
during the switching period as shown in Figs. 3.R(a)[anddj, 2te phase leg voltages averaged
with respect to the switching peridd,,, can be defined as

1
ab = (d—dd— 5) Ude — (d —dg) Up — (1 —d+dq) Up, (3.29)

1
ar = (d +dg — 5) Ude + (1 —d —dg) Ugp + (d+ da) Up, (3.30)

wherep andn in the superscripts denote positive and negative phaserdsrrespectively, the
subscript indicates that the phase leg voltage is evalusitddrespect to the midpoint of the
direct voltage link,d = T,,/T, is a phase duty cycle, anth = (¢4 + t,, — tog)/Tsw-
Similarly, average phase leg voltages can be defined forlihegs b and c. At this point it is
pointed out that although the dead-time effects cause bethmplitude and phase distortion to
the inverter phase leg voltages compared with the desirasgpleg voltages, we will neglect the
resulting phase distortion for the sake of simplicity.
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3.4.2 Time-domain circulating current modeling

Let us now develop a time-domain circulating model that carubed to estimate circulating
currents caused by the dead-time effects. Let us, howewasider only the case of parallel
inverters with a common direct voltage source for the sake simplicity. The following is
considered in more detail in_(Itkonen et al., 2009a,c).

A Laplace domain circulating current model expressed imtleecoordinates can be written with
the help of[[3.)7). Rewriting the right-hand side of the irputput model, which is of the similar
form as [[3.4), we can write

cC 1
abC(S):LS+R

AU (s) (3.31)

where the elements in the input vectdtJ“° (s) are defined as

Ay, (6) = 30 Yioa )= Ut ©)

n
m=1

AUko ]m ke {a,b,c}
*Z " mefl,2,....n} (332)

The variableg andm are used to indicate the index of the parallel unit arttbnotes the phase.
Considering the formation of the phase leg voltage diffeesmone switching period at a time,
we can define average phase leg voltage differences as

(e—as _ e—bs)

S

(e—as _ e—bs)

= At
ko s

AUko,gm ( ) = (’ako,j - ﬁko,m) jm (333)
wherea = (¢ — 1) T, b = ¢T,, andq € {1,2,...,00}. In the time-domain, the term in the
right-hand side of((3.33) represents a voltage pulse, thgitude of which equale\i,,, ;,,, =

Uy ; — Upo - The values fori,, - anddy,, ., are obtained by (3.29) and (3130).

The average phase leg voltage differedag,, ,,, is a function of dead-time effect parameters,
phase duty cycles, directions of the phase currents, anthklwvdltage. However, since the
purpose is to study how the dead-time effects influence tlveleiting current generation, it is
justified to assume that the parallel inverters are driveh gimilar switching patterns, that is,
di = dg1 = dg2 = --- = dgn. Assuming further that the forward voltage drops of the
switching devices and anti-parallel diodes are of the saatgevin each unit, that id/p ; =
Ur ; = Up ;, the phase leg voltage difference can be defined as

Aﬁzgjm = ﬁ’zo,j - ﬂzo m Whenik’vj > Ovik-,m >0
pn”_ .p . o .
Adiy, B Aukwm =ty — o, , whenig ; > 0,44,m < 0 (3.34)
jm ATL ~ . . .
Aukg]m =Upy ; — ugo m o Whenig ; <0,ig., >0
AU i = Upoj — Upom  » WheENig j <0,k <0
where
Adgy o= =AU 5, = (=daj + dam) Use + (~Up; + Up ) (3.35)
~pn ~np
A“ko,jm = *Auko,jm = —(da,j + da,m) Udc — (UF,j + UF,m) (3.36)
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Since [3:34) does not depend on the phase duty cydas, ;,,, is constant over sequential
switching periods, where the directions of the phase ctsr@mnot change. Note also that when
the directions of the phase currents are the same, the vialv@, ;,, depends on the differences
in the dead-time effect parameters. However, when the titrex of the phase currents are
different, Ad,, ,,, # 0 even if the dead-time effect parameters are the same. [Fomtine, the
magnitude is easily many times larger than in the cases whenghase currents are of the same
direction and the value is such that the difference betwiephase currents tends to decrease.
Because of this, it is practical to consider only the casesrevhll phase currents are of the same
direction (Iltkonen et al., 2009a,c).

When all phase currents are positive, an average s-domadulating current model
corresponding to the phageof the ! inverter can be expressed as

Cvp _ - Aﬁggajm (eias — eibs) ke {aa b7c} (3.37)
k,jim:1 LS+R S ’ m€{1725"'7n} .
and when all phase currents are negative as
o UL AR S, (€705 —e7h9) k € {a,b,c} (3.38)
" m=1 Ls+ R S , mE{LQ,...,?’L} .

Finding inverse Laplace transformations bf (3.37) dndgpBrésults in average time-domain
circulating current models

n o [AWRY r B\ |
D ko,jm . o —E®Y B 1 (®)
&= mZ:l — (H (t —to) (1 e ) H(t—t) (1 e )) (3.39)
= zn: A (H (t—t.) (1— *%“)) —H(t—tg) (1 - ’3“)))_ (3.40)
Ck,j = ) nR c € d e .
whereH is Heaviside’s step function defined as
1, whent >z

H{t—1z) = ’ 3.41

(t—2) {0, whent < x ( )

The time instants,, ¢, andt., t4, again, correspond to the time intervals during which afigeh
currents are assumed to be positive or negative, resplctive

3.4.3 Model verification

To verify the validity of the time-domain circulating curemodel given by((3.39) and(340), the
calculated circulating current waveforms are comparet bath the circuit simulation and the
experimental results in this subsection. The circuit satiahs were carried out with the model
introduced in AppendikB, and the experimental setup isetsl in Chapter]6. Therefore,
neither of them are described here. The parameters usec inalbulations correspond to
the circuit simulation parameters given also in Apperidix Burthermore, the time instants
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(c) Calculated circulating currents.

Fig. 3.3: Simulated phase currents and the correspondioglating currents, and the calculated circulating
currents when the phase leg voltage differences were gedeby setting the blanking times 8, =

2.0ps, tgo = 2.1ps andty 3 = 2.2ps. Blue, green, and red lines indicate the first, second, aind th
inverter, respectively.

tasty, te, tq in (3:39) and[(3.40) were set as = 0,t, = T;/2,t. = T;/2,tq = T; where
T, = 0.08ms is the time of the fundamental period.

Let us first consider Fid._3.3, which shows the simulated pltasrents and the corresponding
circulating currents, and the calculated circulating eaots when the phase leg voltage
differences were generated by setting the blanking timeg as= 2.0ps, t;, = 2.1ps and
tq3 = 2.2ps. From Fig[3:3(d) we can conclude that as a consequencé tidahking time
differences, the load phase current that equals the sumveftar phase currents is shared
unequally between the units. The circulating current waneg corresponding to the phase

currents shown in Fid. 3.3(a) are presented in Fig. 3} 3(ii)e dalculated circulating current
waveforms, again, are illustrated in Hig. 3.3(c).
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Comparing Figs[ 3.3(b) arld 3.3|(c), we can see that the eddmlilwaveforms are in good
agreement with the circuit simulations. The most visibléedénce is that the calculated
waveforms do not contain the switching ripple that is prégethe simulated waveforms. This
is, however, because the averaging procedure neglectsmlehisg transients. The circuit
simulated waveforms also show that as a consequence ofaldetiiee effects, the phase currents
tend to cross the zero current level at the same time. Beadubés property, the circulating
currents generated during the positive and negative halesydecrease rapidly to zero at the
time intervals during which the phase currents cross the zerrent level. This property was
used in simplifying the time-domain circulating currentaebexpression.

Let us now consider the simulated and calculated circidatirrent waveforms presented in
Figs.[3.4[3.b, an3.6. The phase leg voltage differences generated in the first case by
setting the turn-on times &g, ; = Ouns, t,, » = 100ns andt,, ; = 200ns, in the second
case by setting the turn-off times &g; ;, = Ons, {4, = 100 ns, andt,g ; = 200ns, and

in the third case by setting the forward voltage drops of thidgches and diodes ap, =
2V,Up, = 23V,andUy 3 = 2.6 V. In all three cases, the calculations give estimates
that correspond well with the simulations. The precedihgsitations show that the presented
time-domain circulating current model can be used to esértfee circulating currents that are
caused by the dead-time effects.
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(a) Simulated circulating currents.
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(b) Calculated circulating currents.
Fig. 3.4: Simulated and calculated circulating currenteemhhe phase leg voltage differences were

generated by setting the turn-on timestas,; = Ons, t,,2 = 100ns andt,, 53 = 200ns. Blue, green,
and red lines indicate the first, second, and third inveréspectively.
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Fig. 3.5: Simulated and calculated circulating currenteemhhe phase leg voltage differences were
generated by setting the turn-off times@g ; = 0 ns, t,g» = 100ns andt.g 3 = 200ns. Blue,
green, and red lines indicate the first, second, and thirtiex, respectively.
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(b) Calculated circulating currents.

Fig. 3.6: Simulated and calculated circulating currenteemvithe phase leg voltage differences were
generated by setting the forward voltage drops of the ieverasUz ; = 2V, Up, = 2.3 V, and
Ur,; = 2.6 V. Blue, green, and red lines indicate the first, second, andlitiverter, respectively.
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Let us now consider some experimental results. Figure JWslihe phase currents and the
corresponding circulating currents when the invertersewaniven with the identical voltage
commands. The presented waveforms show that there exdstating currents even if the units
are uniformly controlled. Because of this we cannot exgeait the measured circulating current
waveforms are similar to the ones obtained from the cirémitigations or the calculations.
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(a) Phase currents.
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(b) Circulating currents.

Fig. 3.7: Measured phase currents and the correspondimgating currents when the inverters were driven
with identical voltage commands. Blue, green, and red lindate the first, second, and third inverter,
respectively.

Consider Fig[Z318, which presents the phase currents armbthesponding circulating currents
when the turn-on times were setfdg ; ~ 0ns, ¢, » = 100ns, andt,,, ; ~ 200ns. Although
the resulting circulating current waveforms resemble atigyantly the waveforms presented in
Fig.[3.4, the result verifies that the phase currents tentbsdhe zero current level at the same
time as it was expected. Similar waveforms were presentedercase of two parallel units
in (Itkonen et all, 2009c¢). In the case of two parallel uritig, operation of the parallel units was
more uniform yielding waveforms that correspond bettehwlie predictions.

Let us now consider Fif._3.9, which shows the phase curretshe corresponding circulating
currents when the turn-off times were setigs, ~ Ons, ¢4 , ~ 100ns, andt g 5 ~ 200 ns.

As can be seen, the circulating current waveforms reseméierdly the waveforms presented
in Fig.[3.8. However, also in this case, the most importaseotation to make is that the phase
currents tend to cross the zero-current level at the sangedtrany circumstances. Based on the
presented measurement results and (Itkonen et al., 26@8ehay conclude that the verification
of the presented circulating current model in the case dérsgyparallel units may be difficult
or even impossible to perform experimentally. This is beseawe cannot distinguish the actual
causes for the circulating currents.
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Fig. 3.8: Measured phase currents and the correspondiaigating currents when the turn-on times were

set ast,, 1 ~ Omns, to, o ~ 100ns, andt,, ; ~ 200ns. Blue, green, and red lines indicate the first,
second, and third inverter, respectively.
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Fig. 3.9: Measured phase currents and the correspondinigating currents when the turn-off times were

set ast,, 1 ~ Omns, to, o ~ 200ns, andt,, ;5 ~ 400ns. Blue, green, and red lines indicate the first,
second, and third inverter, respectively.



3.5. Discussion 57

3.5 Discussion

This chapter addressed circulating current modeling oélfgrthree-phase two-level voltage
source inverters. Circulating current models were dewaddipr n parallel units and for both
parallel inverter configurations considered in this ditzg@mn.

The developed models showed that the main difference betwbe parallel inverter
configurations from the circulating current point of viewtigt in the case of separate direct
voltage sources, circulating currents in a certain unit lsarcontrolled by controlling at least
two phase leg voltages, while in the case of a common dirdtag® source, circulating current
control basically requires that all phase leg voltages ardrolled. Furthermore, it was shown
that we need to apply circulating current controllersnin- 1 parallel units to ensure that
the current flow between the parallel units can be controll€kis holds true for both of the
configurations. The difference is, however, that in the adsseparate direct voltage sources,
we need to apply controllers only in thk-axes, while in the case of parallel inverters with a
common direct voltage sourag@axis current controllers must be used in addition todi@xes
controllers.

Besides developing the circulating current models andideriag some control related subjects,
it was also considered how differences in blanking timestefiturn-on and turn-off times of
switching devices, and forward voltage drops of switchiryides and anti-parallel diodes
affect the circulating current generation between the lfgranits. For this purpose, a
simplified time-domain circulating current model was depeld. It was shown that the results
obtained from the simplified model are in good agreement ighcircuit simulations. Also
some experimental results were presented. Although therempntal results confirmed some
predictions, they also showed that it is rather difficult e impossible to verify the model
experimentally.

From the presented results we can, however, conclude tietetfices in blanking times, finite
turn-on and turn-off times of switching devices, and fordvaoltage drops of switching devices
and anti-parallel diodes result in a circulating currenv@farms that are similar in all cases.
It must, still, be emphasized that the circulating curreatssed by the differences in blanking
times and in finite turn-on and turn-off times of switchinyibes are dependent on the switching
frequency, while the circulating currents caused by thevémd voltage drops of switching
devices and anti-parallel diodes are not.
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Chapter 4

Dual modulator method for parallel three-phase
voltage source inverters

This chapter considers application of space-vector-basedulation methods to the control
of parallel two-level three-phase voltage source inverter It is illustrated that the
space-vector-based modulation methods may cause probleersapplied to parallel inverters.
The described problems are related to the fact that therdiftes in the stationarys-axes
voltage components will reflect also to the zero-axis va@tagmponents. In order to prevent
these problems and to make it possible to control zero-sexgueoltages separately from the
af-axes voltages and vice versa, a dual modulator method alinted.

4.1 Space-vector-based modulation

4.1.1 Basic principles

Space vector modulation (SVM) developed for the two-letieéé-phase inverters is based on
the fact that such inverters can have eight different switglstates/(Holmes and Lipo, 2003),

which are depicted in Fig._4.1. Two of the states are knowneas gtates and the rest six as
active states of the inverter. When either one upper anddawer or one lower and two upper

switches are closed at the same time, the inverter is saiel itothe active state. During the zero
switching states either all lower or all upper switches dosexd at the same time. The active
switching states are denoted by numbers from 1 to 6 and tloeseétching states by 0 and 7.

The state of the inverter can be mathematically expresseddwitching function space vector
7%, which is also called a switching vector, and a zero-segai@wmnponent,. The eight
possible switching vectors and zero-sequence componantbe obtained by applying (2.3),
(2.14), and[[Z.B). The results are given in Table] 4.1. Théetabows that there are only six
nonzero switching vectors that correspond to the activestaf the inverter, and four different
zero-sequence component values that are at largest dodrzgto switching states. Further, the
table indicates that it is impossible to control the inveitesuch a fashion that no instantaneous
zero-sequence voltage components are generated, siacalgfthe desired output voltages are
realized by averaging the switching vectors over a swiiglperiod.

An output voltage vector and a zero-sequence voltage coemar a three-phase VSI can be
obtained with the help of the switching vector and the zesguence component as
u° = Puy, (4.1)

Uy = TolUge (42)
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Fig. 4.1: Eight possible switching states of a three-phaselével inverter. The states 0 and 7 are known
as zero states, while the states 1-6 represent active sfdtesinverter.

Table 4.1: Eight possible switching states representeddysiwitching vector® and the zero-sequence
component,. The variables:,, r, andr. are the phase switching functions of the inverter.

=S

State  r, b Te r "o
0 —1/2 -1/2 -1/2 0 ~1/2
1 41/2 —1/2 —1/2 +2/3&97/3  —1/6
2 41/2 41/2 —1/2 +2/3&9V7/3 41/6
3 —1/2 +1/2 —1/2 +2/3¢727/3  —1/6
4 —1/2 41/2 41/2 42/3e537/3 4+1/6
5  —1/2 —1/2 +1/2 +2/3&547/3 —1/6
6  +1/2 —1/2 +1/2 +2/3¢77/3  11/6
T 41/2 4172 +1/2 0 +1/2

whereu,,. is the direct voltage of the inverter. The orientation of theput voltage vectors in
the a3 plane is illustrated in Fig. 4.2(a). As can be seen, the astéctors divide the plane into
six equal sectors, which are denotedrbye {1,2,---,6}. The instantaneous lengths of active
voltage vectors equaly| = 2/3uy.,i € {1,2,---,6}. The hexagon obtained by connecting the
tips of the active vectors shows the boundary inside of whithvoltage vector can be realized
by appropriately averaging the active and zero voltageovectThe circle inside the hexagon
shows the limit of a linear modulation region. The radius fagtcircle is equal tas,./v/3.
Within the linear modulation region, the average lineiteelvoltages remain sinusoidal, but the
average phase leg voltages may be distorted.

The formation of the average output voltage vector, whicteferred to as a voltage reference
vector from this point forward, is illustrated in Fig. 4.3(bAs shown, the voltage reference
vector

Upe = Upef o + JUret,g (4.3)
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(a) Eight discrete space vectors. (b) Formation of average space vector.

Fig. 4.2: Eight discrete space vectais i € {0,1,2,---, 7} and formation of the average space veaidr
as a result of averaging two adjacent active space vectarte tNat the active space vectarg_g divide
the a3 plane into six equal sectors denotedrhy

is obtained by averaging two adjacent voltage vectors as

t t

Ss m —s m—+1 —s

Upey = U, + Uy g1 (4.4)
re: TSW m TSW m

wheret,, andt,, ,; are time durations of the active vectors

2 o s
@ = gudcea(ﬁnflh) (4.5)
and
75, = 2y, ei(m3)
U1 = g’ (4.6)

andT,, is the time of a switching period. By equating the real andgimary parts of[(414),
one can solve the durations for the active vectors. Theisokitan be given in a matrix form
as (Sarén, 2005)

[ o ] _ V3T, { sin (m%) — cos (m%) } {ureﬁa] @7)
tm+1 Uge —sin ((m - 1) %) cos ((m - 1) %) uref,ﬁ .
The durations of the active vectors are limited as

b F g1 < Ty (4.8)

When the sum of active vector durations does not exceed tlitehsmg period time, zero
vector(s) are applied for the time remaining. The total daraof the zero vector can be
calculated as

t,=to+tr =Ty — (tr + tpus1) (4.9)

which shows that, can be divided between the zero voltage vecigrandus, the durations of
which are denoted by, andt,, respectively. From the calculated active and zero veaotued,
(4.1) and[(4.P), one can determine phase leg referencedsdamterter.
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4.1.2 Phase leg references

According to.Holmes and Lipa (2003), the placement of the aexctor can be considered to
be the primary difference between PWM strategies, and &rradtive implementations, the
positions of active space vectors are simply varied withi gwitching period. This basically
means that phase leg references for various PWM methodsazintéined by dividing the active
and zero vector times into the phase legs differently. Letunsider a conventional space vector
PWM (van der Broeck et al., 1988) as an example.

The conventional space vector PWM uses two active vectqezawt to the voltage reference
vector and two zero vectors within each switching periodhédligh van der Broeck etlal. (1988)
suggested that each switching period should be started radetienith different zero vectors,
an alternative way is to divide each switching period into subintervals, the length of which
equals a half switching period and which align the applieatsprectors as depicted in Hig. 14.3.
The space vector sequences depicted in Figs. 4.3(&) ari) 4ré(for the odadn = {1, 2,3} and
evenm = {2,4,6} sectors, respectively. The order of the active space v&atahe odd and
even sectors is reversed to obtain a minimum switching faqu of each phase leg.

|
—s =S =S —s | —s 7S —s —S S hrd
Uy Up, Uml Uz, U Umntl Um Ug
|

|
—8 7S —S —s | S =S =S =S
Uy Um41 Upm U7 U7 Uy Umyl Ug
|

e— T /2 — [ Tow/2 |
< Tow | 1 Tow |
(a) Odd sectorsn = {1, 2, 3}. (b) Even sectorsn = {2,4,6}.

Fig. 4.3: Space vector sequences for the ode- {1, 2,3} and evenn = {2, 4, 6} sectors in the case of
conventional space vector PWM.

With the help of the space vector sequence illustrated irfj{&8{a) and Table4l 1, we can sketch
phase switching function waveforms depicted in Eig] 4.4iclitorrespond to the odd sector
m = 1. Similar phase switching function waveforms can be obthmieo for the other sectors.
In each subinterval, the durations of active vecigjsandi,, ,, are equaltd,, /2 andt,, , /2,
respectively, and the durations of zero vectors,tel. This is because the overall zero vector
durationt, is divided equally between the zero vectafsandis, thatis,t, = t; = t,/2.

From the sketched phase switching function waveforms, anelefine on-time durations of the
upper switching devices,, ., T, ,,, andT,, . for each sector. Averaging the on-time durations

with respect to the switching period gives phase duty cycles

da = Ton,a/Tsw (410)
db = Totl,b/Tsw (411)
dC = Totl,c/Tsw (412)

The phase duty cycle waveforms are illustrated in[Fig. 4l&auming that the magnitude of the
constantly rotating voltage reference vector eqigls| = 1/+4/3, which, again, corresponds to
the limit of the achievable linear modulation region. Ndtewever, that the phase duty cycles
are given in the intervg1/2 1/2], instead ofl0 1]. Thus, the phase duty cycle values /2
andl1/2 correspond to the situations where the lower and upperisestare closed for the whole
switching period, respectively.
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Fig. 4.4: Formation of the phase switching functiefsry,, andr. in the sectorn = 1 for the conventional
space vector PWM.

By transforming the phase duty cycles into the statioma?y coordinates by applying{2.9), one
obtains duty cycle waveforms shown in Hig. 4.5(b). The magl@s of the sinusoidalj plane
components denoted b, andd equall/+/3, as it was commanded, but as a consequence of
the principles that the space-vector-based modulatiohaastapply, also a zero-sequence duty
cycle componend, is generated. If the zero-sequence duty cycle componeunbisasted from

the phase duty cycles as

&, = d, — d, (4.13)
(= dy — dy (4.14)
i = d. —dy (4.15)

sinusoidal phase duty cycle waveforms shown in Fig. 4].5(e)abtained. As can be seen,
the amplitudes of these waveforms exceed the maximum adddizphase duty cycle values.
This shows the main advantage of the space-vector-basedatiots methods over a sinusoidal
PWM where a low-frequency sinusoidal target reference ¥eawre is compared against a
high-frequency carrier waveform; see for example Holmes lapa (2003). In other words,
the linear modulation region of the sinusoidal PWM is lesmntithe linear modulation region
of the space-vector-based modulation methods. The irelieathe linear modulation region
comes, however, at the expense of the introduced zero+segigemponent.

4.2 Space-vector-modulated parallel inverters

Active current balancing techniques presented for pdralece-phase VSCs and VSis
manipulate the phase leg references to achieve the desiegdvehich is to share load current
with the specified ratios; see for example (Shi and Venkataran, 2004; Pan and Liao, 2007).
When parallel inverters apply space-vector-based mddalatethods, the phase leg references
are indirectly manipulated by manipulating the voltagetoesfed to the modulators. When
parallel inverters apply different voltage vectors, theyéded difference is generated in terms
of aB-plane components, but as a consequence of the principéshta space-vector-based
modulation methods apply, the difference is also geneiateero-sequence components. Thus,
it is possible that the zero-sequence circulating curr@mtexcited as a consequence of the active
current balancing (Chen, 2009b). Let us illustrate thidnaih example.



64

Chapter 4. Dual modulator method for parallel three-plvattage source inverters

1/V3
1/2

Duty cycles
da, dp andd,
[an]

~1/2 4

/3 2m/3 ™ 4m/3 5m/3 2m
Space vector angleraAd
(a) Duty cycles in the stationanbc reference frame.
Lines:——d,, —~—-dg,--- dy
1/\/§", N P eior™ N | —— T ___J1___ =]
1/2 > & S I I I
8= AN N ! 1
© -8 e Ao | RPN ! s
5\‘“ , ’,’\ RN | ’,"\\ S | 27 1 SQ
> oY OLf:fffff\fff \7\77777777T\:7*i:7\77’7 777\777\71;7
R " 1 X BN ]
= 1 ‘ N N
N Rt B O S S EEFE Cehuhh
—1/v3, 73 21/3 ™ An/3  571/3 o
Space vector anglerad
(b) Duty cycles in the stationaky30 reference frame.
Lines:—d, ———dy,, - - - d.
1/\/§ Pgigll N - I Jb"T ‘~C
12~ N T TR R N
% ! s ! A
5 & - IR o
28 L I A N\ N R
=] hﬁ. /’ | 1,7 | "«\\ | AN
[a RN K | . | A | ’}
_1/2 %7\:‘: _ 7E7 N ;‘,7’7 7& N i, 77777 ii 7\:\.:-7 7i o f.ﬁA
—1/v3 ©/3  2n/3 7r ix/3 51/3  on

Space vector anglerad

(c) Duty cycles without zero-sequence components.

Fig. 4.5: Duty cycle waveforms obtained by applying the @mtional space vector PWM. The magnitude
of the constantly rotating voltage reference vector waasits.;| = 1/+/3, which corresponds to the limit

of the linear modulation region of the space-vector-basedutation methods.

Let us consider a parallel connection of two inverters asdia® that the inverters apply different
voltage vectors to achieve the desired goal from the loatentsharing point of view. The
duty cycle waveforms that were obtained assuming that tiselbeth an amplitude and phase
difference between the applied voltage vectors are depicte-ig.[4.6. From Figs. 4.6(g)
and[4.6(0) one can see that the amplitudes and phases of4@xes components diverge
as expected. However, a difference is also generated iet@eho-sequence components as
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Fig. 4.6: Duty cycle waveforms of two parallel inverters whthere is both an amplitude and phase
difference between the applied voltage vectors.

can be seen from Fi§j. 4.6[c). Because of this property, theespector modulation methods
may inherently cause zero-sequence circulating currentse case of parallel inverters with
a common direct voltage source. This, again, is becausedh parallel connections, the
zero-sequence circuit does not appear as an open-cirduitlas case of parallel inverters with
separate direct voltage sources.



66 Chapter 4. Dual modulator method for parallel three-plvattage source inverters

4.3 Dual modulator principle

Based on the previous sections, the space-vector-basedilatiod methods generate
low-frequency zero-sequence voltage components, whicturn, can result in low-frequency
zero-sequence circulating currents in the parallel irrezbnfigurations where zero-sequence
current paths exist. To deal with this problem and to makedsible to control zero-sequence
voltages independently from thes-axes voltages, and vice versa, a dual modulator method is
proposed in the following.

A block diagram of the proposed dual modulator is depicteBign[4.7. The dual modulator

basically consists of two independently operating modutatwhich are referred to as primary
and secondary modulators. The primary modulator can beinniple, any type of a modulator.

The primary modulator can, for example, apply the prin@piéthe conventional space vector
PWM. The secondary modulator, again, is realized applyrgitiverse of the transformation
matrix

1 —1/2 —1/2
Topo==|0 V3/2 —V3/2 (4.16)
/2 1/2  1/2

The inverse is defined as

1 0 1
Tz = |—1/2 v3/2 1 (4.17)
—1/2 —V3/2 1

As depicted in Fig["4]7, the matrik (4]17) is used to convethtscaledn3-axes and)-axis
components into phase duty cycles. The components arecalenlwith the instantaneous direct
voltagesu,,. The advantage of this kind of an arrangement is thatihexes voltages can be
controlled independently from th@axis voltages. In its intented application, similar vgka
vectors are fed to each primary modulator of each paratiehected unit, and the secondary
modulators are fed by the voltage vector and zero-sequenitage components, which are
obtained from the circulating current controllers.

d 3 -,
dy . L '
i S
de M
_ —
4 4
oda
od.

Fig. 4.7: Block diagram of the proposed dual modulator. Thel anodulator basically consists of two
independently operating modulators known as primary andrstary modulators. Modulating waveforms
of the primary and secondary modulators are produced inltok b and 2, respectively.
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4.4 Discussion

In this chapter, the basic principles of space-vector-thasedulation methods were outlined.
Then application of the space-vector-based modulatiorhodst in the control of parallel

inverters was considered. It was explained why the spacwsbased modulation methods
may inherently excite low-frequency zero-sequence dating currents in the parallel inverter
configurations where zero-sequence current paths existrédson for such circulating current
generation is the zero-sequence voltages that are addée timverter phase leg references
to increase the linear modulation to its maximum. To deahwiitis problem and to enable

independent control of both thes-axes and)-axis voltage components, a dual modulator
principle was introduced.

Although the dual modulator principle can be applied botlhie control of parallel inverters
with separate direct voltage sources and in the control @flighinverters with a common direct
voltage source, it is intended to be used only with the latése. This is because in the former
case there is no path for the zero-sequence current to flawebatthe inverters.
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Chapter 5

Space vector and zero-sequence component
limitation

A dual modulator principle was introduced in the previouaier. The dual modulator basically
consists of two independently operating modulators, thtputs of which eventually constitute
the switching commands of the inverter. In its intended as#ige same voltage vector is fed
to the primary modulators of each parallel unit and the igpaftthe secondary modulators
are obtained from the circulating current controllers.slbbvious that when the inverters are
driven into saturation, we cannot exactly realize the comted voltages. Therefore, if we want
to guarantee that the voltage commands obtained from tbalating current controllers can
be realized, we must make sure that the inverter is not divensaturation by the primary
modulator. This problem can be dealt with by limiting theutgpof the primary and secondary
modulators.

The inputs of the primary modulator can be limited by appiyéxisting space vector limitation

methods. The limitation of the secondary modulator inpatsat as straightforward. This

is because one has to limit both the voltage reference vecrtdrthe zero-sequence voltage
component so that the resulting phase leg references doxaete@ the maximum allowed

values at any time. To deal with this problem, an algorithit tombines the space vector
and zero-sequence component limitation methods is intedlin this chapter. The algorithm

basically adjusts the voltage vector and zero-sequentagetomponent limits according to the
current values of these components. Three combinatiomsesented to show that the algorithm
can be used with different types of space vector limitaticgthods. Further, an application
example is given to illustrate the intended usage of thegseg algorithm.

5.1 Some space vector limitation methods

Based on the review presented by Ottersten and Sverisso?)(200age reference vectors can
be limited at least in three different ways without the kneede of plant parameters. These
methods, which are known as the circular limit method, theceprector limit method, and the

minimum amplitude error method are presented in the folowiThe methods are presented
since they will be applied later on in this chapter. Thereadse some limitation methods that

take plant parameters into account, but are not considened h

5.1.1 Circular limit method

In the circular limit method, an overlong voltage referemeetora?; is limited to the maximum

circle within the hexagon as depicted in Hig.]5.1. In thisteat the hexagon refers to the
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Fig. 5.1: Principle of the circular limit method. The ciranllimit method limits the voltage reference
vectorii,; to the maximum circle within the hexagon, which represemedioundary of realizable voltage
vectors. The limitation distorts the vector amplitude.

boundary of realizable voltage vectors. The detection adtivér the vector is within the circle
or not is performed by comparing the length of the vector értidius of the maximum circle as

N u
|Uret| = \/Ubot o T Uber g > \%C (5.1)
If the condition [5.1) holds true, a limited space vectordkulated as
sl u, ﬁf
ity = —9¢ —reb. (5.2)

\/g |ﬁfef

The limited voltage vector is oriented in the same directiaanthe original vector, but the
amplitude is distorted. The main drawback of this methodh& tt does not make use of all
available voltage.

5.1.2 Space vector limit method

In the space vector limit method, an overlong voltage veolimited to the hexagon as
illustrated in Fig[5.R. The detection of whether the vedtooutside the hexagon or not is
performed in two stages. In the first stage, the vector istoramed intory coordinates as

Urpef xy = ligope 7% = (Ure.or + JUres 3) e I0 (5.3)
where

Oy = (1+2(m — 1))% (5.4)
is the angle between the andz-axes and the variable € {1,2,---,6} denotes the sector

in which the voltage vector? ; lies. In other words, the-axis is oriented so that it lies in the
middle of the sector in which the voltage vectij; lies. Then, in the second stage, the vector

outside the hexagon is detected by

Re {5y} > 1\% (5.5)
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Fig. 5.2: Principle of the space vector limit method. Thecgpsgector limit method limits the voltage
reference vectofi;,; to the boundary of realizable voltage vectors. The limitatdistorts the vector
amplitude.

If the condition [5.5) holds true, the real and imaginarytpaf a limited voltage vectaiijélf_rxy
are calculated as

1 Uq
Upsg = \/g (5.6)
S
s, sl Uref,y
uref,y - uref,x us (57)
ref,x

The limited voltage vecto#™. __is transformed back inta3 coordinates as follows

ref,xy
—s,] sl 0%y s,1 . sl 70x
Upet = uref,xye V= (uref,x + ]uref,y) e (58)

Also in this method, the limited vector is oriented in the sadirection as the original vector,
but the amplitude is distorted. The advantage of the spac®wvimit method compared with
the circular limit method is that all available voltage canuiilized.

5.1.3 Minimum amplitude error method

The minimum amplitude error method limits an overlong vgétaector to the hexagon as shown
in Fig.[5.3. The limitation is basically realized by caldirtg the vector on the hexagon that is
nearest to the vector to be limited. The need for limitat®uaétermined as in the case of the
space vector limit method, that is, by first transforming théiage vector intary coordinates
applying [5.3) and then detecting the vector outside theagpex by [5.5). If a limitation is

needed, the real and imaginary parts of the limited voltaggora™>. _ are calculated as

ref,xy
s,1 _ udc
uref,x - \/g (59)
S S Yae
uref,y ’When uref.,y‘ < 3
sign (ufefﬂy) “= when ufefﬂy‘ > “ae

=s,1

The limited voltage vectot, ;. is transformed back inta$ coordinates by applying (3.8).
The difference between the minimum amplitude error methnabthe space vector limit method
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Fig. 5.3: Principle of the minimum amplitude error methodheTminimum amplitude error method limits
the voltage reference vectay,; to the boundary of realizable voltage vectors. Besidesdisty the vector
amplitude, the limitation may also distort the vector angle

is that in the former case both the vector amplitude and tiydeanay be distorted, while in the
latter case only the vector amplitude is distorted.

5.2 Limits of the space vector limitation methods

The presented space vector limitation methods limit theaga vectors to the outer hexagon or to
the maximum circle within the outer hexagon, which are deepiin Fig[5.4. These boundaries
cannot, however, be applied when a voltage reference vegiprs to be transformed into
realizable phase leg references by applying the transtosmenatrix [2.10). This is because
the transformation results in symmetric phase leg refergrad only voltage vectors within
the inner hexagon, which is depicted in Hig.]5.4, can be zedlusing symmetric phase leg
voltages|(Rodriguez et al., 2005).

From above it follows that when voltage vectors are tramséat into phase leg references
applying [2.10), the vectors must be limited to the innerag®n or to the maximum circle
within the inner hexagon depending on the space vectordtinit method applied. Since this
affects the detection and limitation of overlong vectol® presented space vector limitation
methods cannot be directly applied. In the case of the @rdirhit method this means that the
length of the voltage vector is compared with the inradiuthefinner hexagon instead of the
inradius of the outer hexagd®. Mathematically this is expressed as

=S

|uref = u?ef,a + u?ef,[} >r (511)

If the condition [5.111) holds true, a limited voltage vedtocalculated as

Uy
ot = T i (5.12)

—s,1
u

When the space vector limit method or the minimum amplituderenethod is applied, overlong
voltage vectors cannot be directly detected by apphMing)(5(5.4). This is because the inner
hexagon is rotate80° with respect to the outer hexagon. One way to deal with thoblem is

to define the sectors that divide thé8 plane into six equal segments as illustrated in Eigl. 5.5.
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Fig. 5.4: Limitation boundaries. The outer hexagon shows$thundary of realizable voltage vectors, while
the inner hexagon shows the boundary within which any veltaggtor can be realized by using symmetric
phase leg voltages.

Then, the voltage vector can be transformed ingaoordinates by applying (3.3) and
T
3

After the transformation, the real-axis component of tlams$formed vector is compared with
the inradius of the inner hexagon as

Oy = (m — 1) (5.13)

Re {5} > (5.14)

If the condition [5.14) holds true, the voltage vector isited. In the case of the space vector
limit method, the limitation is performed as

CR
uref,x =r (515)
s
u
s,1 _ sl ref,y
uref,y - uref,x s (516)
ref,x

and in the case of the minimum amplitude error method as

s,1 _
uref,x =r (517)
s s 1
" Upeg y , when uref,y‘ < ik
rofy = . . (5.18)
S
sign (uref’y) Vel , when Uper y| > 75"

5.3 Zero-sequence voltage component limitation method

The transformation of the zero-sequence voltage compangny into phase leg references
applying the transformation matrix (2110) resultsijf); , = ¢ , = Upep o = Uy o- THUS, the
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Fig. 5.5: Alternative way of dividing the,3 plane into six equal sectors denotedrbye {1,2,--- ,6}.

need for zero-sequence component limitation can be deterhas
|uref,0| > (5.19)

wherer, denotes the applied zero-sequence component limit. [fahdidon [5.19) holds true,
a limited zero-sequence voltage component is calculated as

uief,O = sign (Uref,o) To (5.20)
5.4 Proposed limitation algorithm

The limitation of a voltage reference vect@f,; and a zero-sequence voltage componegnt,
were separately dealt with in the previous sections. Whémdfdthese components are nonzero,
the phase leg references that are obtained by applying dmsfarmation matrix[{2.10) are
composed of both of them. Thus, if we want to guarantee theatebulting phase leg references
are always realizable, the applied limits cannot be inddpetly defined.

When the zero-sequence voltage component equals zero,itliaum length of the voltage
reference vector that can result in unrealizable phaseefegances equals;.;| = u,./2. This
occurs when the voltage vector is oriented in the same direets any of the active voltage
vectorsif, i € {1,2,---,6}. Similarly, when the length of the voltage reference vector

equals zero, the magnitude of the minimum zero-sequent¢agetomponent that results in
unrealizable phase leg references also eqPqL%’ = ug4./2. Thus, the maximum voltage
vector and zero-sequence voltage component limits ard &mua

Tmax = TO,max = udc/2 (521)

The previous also implies that the sum of the voltage veetagth and the zero-sequence voltage
component magnitude should not exceed the valug gf2. Thus, if the condition

|ﬁ1::ef| + ’uref.O’ < u;C (522)
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does not hold true, the voltage vector and zero-sequentageotomponent must be limited.
The limits to be applied can be obtained by scaling the mastirinits according to the current
voltage vector length and the zero-sequence voltage coemparagnitude. If we treat the length
and magnitude equally, the voltage vector limit can be ga®n

=S
N < B (5.23)

T = Tmax
|ru‘1'rsef|7L

m
uref,O‘

and the zero-sequence voltage component limit as

oo
N ) (5.24)

To = r().,max g
|uref| +

uref,O ‘

Combining the determination of the voltage vector and zeguence component limits with the
limitation methods presented in the previous sectiondteisua limitation algorithm that can be
used to limit both the voltage vector and zero-sequencageltomponent so that the resulting
phase leg references are always realizable. The algoritmsigts of three major steps, which
can be described as follows:

1. Define the voltage vector and zero-sequence componeits.lif the condition [5.2P)
holds true, set the limits a8 = r, = wu,4./2. Otherwise, the limits are defined

applying [5.28) and (5.24).
2. Apply the zero-sequence component limitation methodthéf condition [5.19) holds

true, limit the zero-sequence component applylng (5.2@hefwise, the zero-sequence
component remains the same.

3. Apply the space vector limitation method.

(a) If the circular limit method is applied, first detect theedong voltage vectors by
applying [5.11). If the condition{5.11) holds true, limhet voltage vector by
applying [5.12). Otherwise, the voltage vector remainsstirae.

(b) If the space vector limit method is applied, first tramsfche voltage vector into
2y coordinates by applyind (8.3) and (5116), and detect thelave voltage vector
by using [E.I%). If the condition [{5.14) holds true, limitetlvoltage vector
by applying [5.Y) and transform the limited vector back ithle o3 coordinates
using [5.8). Otherwise, the voltage vector remains the same

(c) If the minimum amplitude error method is applied, theed&bn of the overlong
voltage vector is performed by applying (5.3}, (3.16) andI4} If the
condition [5.1#) holds true, the voltage vector is limiteg dpplying [5.18) and
transformed back into the3 coordinates by usind (3.8). Otherwise, the voltage
vector remains the same.

5.5 Limitation examples

To illustrate the operation of the proposed limitation aitjon, it is convenient to define a
three-dimensional voltage vector in Cartesian coord®atgnich is comprised of the voltage
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reference vecto;; = u,.; , + ju,.s 3 @nd the zero-sequence voltage compongnt, as

’Jzﬁ() = uref,ai + uref,ﬁj + uref,Ok (525)

Vectorsi, j, andk are unit vectors. Similarly, a limited three-dimensionaltage vector is
defined

—s,1

uozyﬁO = ﬁllef,ai + ﬁief,ﬁj + ulef,ok (526)
Whereﬁrlef_’a andﬁrlefﬁ are components of the limited voltage reference ve(z'fgr and uieto
is the limited zero-sequence voltage component. By varifirdength of the voltage reference

vector|i’ ;| and the zero-sequence component magnikuggo‘ such that the conditioh (5.22)

does not hold true, one can obtain limited voltage vectgecttaries that, again, can be used to
depict the shape of the area within which the voltage vestbmited. When the zero-sequence
voltage component limitation method is used together withcircular limit methodyi;, 5, is
limited to the surface of the area shown in Hig. 5.6(a). Indhse of the space vector limit
method or the minimum amplitude error methag,,, is limited to the surface of the area shown

in Fig.[5.6(D).

uO/udc

Fig. 5.6: Areas within which the voltage vectaf,;, is limited when the zero-sequence component
limitation method is used together wth](a) the circularitimethod and (B) the space vector or minimum
amplitude error method.

Let us now consider the voltage vector and zero-sequendageolcomponent limitation
assuming that the length of the constantly rotating voltegstor equalga®| = 2u,./3 and
that the zero-sequence voltage component is equgltg = u,./3. With these assumptions,
the applied voltage vector and zero-sequence componeits$ lare equal to- = u,4./3 and
ry = ug./6, respectively. The limits were obtained by applying (5.28) [5.24). Some voltage
vectors that correspond with these values are shown tageitiethe limited voltage vectors in
Fig.[5.2. The limitation was performed by applying the ciezdimit and zero-sequence voltage
component limitation methods. The limited zero-sequemweppnent equals) ; , = uy./6
and the length of the constantly rotating voltage vectoinistéd to the circle in theys plane.
The length of the vector equdlg;.;| = r = u,4./3 as expected.

ref
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Fig. 5.7: Trajectories of the desired and limited voltagetoes when the limitation was performed applying
the circular limit and zero-sequence component limitatisihods. The desired zero-sequence component
wasu,.t o = uq./3 and the length of the constantly rotating voltage referemmtor| ;.| = 2uq./3.

ref

When the space vector limit and minimum amplitude error m@shwere applied with the
zero-sequence component limitation method, the voltaigearce vector and the zero-sequence
voltage component were limited as illustrated in Figsl] 50@l 9. In both cases, the
zero-sequence component; , was limited to the value of ¢ , = u,./6 as expected. Further,
the voltage reference vector was limited to the hexagonithatiented similarly as the inner
hexagon shown in Fif. 5.5. The inradius of this hexagon equal u,./3 as expected.

1/3
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Q
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ua/udc
(a) aB0-space. (b) aB-plane.

Fig. 5.8: Trajectories of the desired and limited voltagetoes when the limitation was performed applying
the space vector limit and zero-sequence component liotitanethods. The desired zero-sequence

component wasu,.ro = uq./3 and the length of the constantly rotating voltage refereveetor
|ﬁ§ef| = 2udc/3'
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Fig. 5.9: Trajectories of the desired and limited voltagetoes when the limitation was performed applying
the minimum amplitude error and zero-sequence compomaitation methods. The desired zero-sequence
component was, . o = uq./3 and the length of the constantly rotating voltage referemmtor|i;.¢| =

udc/3'

Transforming the limited voltage reference vecto]‘gi and the limited zero-sequence
componentsdeﬂO into phase leg references applying the transformationim@rlQ) results
in the waveforms shown in Fi§. 5110. The maximum phase legreete magnitude equals in
each case,./2, which is the maximum realizable phase leg reference valte.effect of the
added zero-sequence voltage component can be seen asthéiasdue of which equals, /6.

5.6 Application example

The limitation algorithm presented in this chapter was tigved to be used in conjunction with
the dual modulator that was introduced in the previous @rapt this section, we will illustrate
how to apply the proposed limitation algorithm with the doeddulator.

A block diagram of the dual modulator, the inputs of whichlargted, is presented in Fif, 5.]11.
The limitation of the primary modulator inputs is performigdthe block number 4. The
limitation can be performed using any of the space vectoitdition methods presented in
Sectiorl 5.1L. The limitation of the secondary modulator tspsi performed in the block number
5. In this case, the limitation is performed applying thepgmeed limitation algorithm that was
introduced in Section 51 4. However, it has to be pointediwattite cannot directly set the applied
limits as instructed in the above-mentioned sections. iBligecause the available voltage must
be distributed between the primary and secondary modslator

The limits that are to be applied with the proposed limitadgorithm can be expressed as

r = kug,/2 (5.27)

max TO,max

wherek € [0 1] is a scaling factor. Typically, the scaling factor can betsetlow value, since
the circulating current generation is sensitive to the otypltage differences. The limit that is
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(a) Circular limit method with the zero-sequence compotietitation.
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(b) Space vector limit method with the zero-sequence compimitation.
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(c) Minimum amplitude error method with the zero-sequermapmonent limitation.

Fig. 5.10: Limited phase leg references. Limitations weeefggmed by applying the zero-sequence
component limitation method together with {he] (a) circuianit method,[(B) space vector limit method,
and[{c) minimum amplitude error method. The desired zegueece component was. o = uq./3 and
the length of the constantly rotating voltage referenceéord@:.;| = uq./3

to be applied with the space vector limitation method caniergwith the help of the scaling
factor as

r=(1-k) “—\/dg (5.28)

Itis pointed out here that the scaling factor distributesatailable voltage between the primary
and secondary modulators. Therefore, we may conclude hieatain disadvantage of this
approach is that the voltage available is reduced from thd fwint of view. The advantage,
however, is that we can ensure that the voltage commandmettiom the circulating current
controllers can always be realized within the applied kmit
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Fig. 5.11: Block diagram of the proposed dual modulator pwithper limitations. The inputs of the primary
and secondary modulators are limited in the blocks 4 andspetively.

5.7 Discussion

In this chapter, limitation of space vector and zero-seqgaetomponents was considered.
The contribution of this chapter is a limitation algorithirat combines the space vector and
zero-sequence component limitation methods so that thénmax allowed phase leg reference
values, which are comprised of both the space vector andssgroence components, are not
exceeded at any time. Three different combinations wereepited to show that the algorithm

can be used to combine different space vector limitationhouwg with the zero-sequence

limitation method.

Since the proposed limitation algorithm was developed tadesl in conjunction with the dual
modulator proposed in the previous chapter, an applicatiample was also given. While
presenting the application example, it was also discussdds a consequence of the limitation,
the voltage available is reduced from the load point of vi€he limitation, however, guarantees
that the voltage commands obtained from the circulatingezurcontrollers can always be
realized within the applied limits.
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Chapter 6

Verification of the dual modulator method and the
limitation algorithm

In this chapter, experimental results are presented téyvidne operation of both the proposed
dual modulator and the limitation algorithm. The results afso used to verify the main
difference between the studied parallel inverter configgoina from the circulating current point
of view. Before the results are given, the main componenti@faboratory prototype and the
measurement setup are described in brief.

6.1 Description of the experimental setup

The main components of the laboratory prototype are depiirteFig.[6.1. The prototype
consisted of a personal computer (PC), a dSPACE real-timegater, a field programmable
gate array (FPGA) based control board, three customizedrneomal low-voltage frequency
converters, and an induction motor, the nominal paramefeshich are given in Tablé. 8.1. In
all measurements, the motor was operating in no-load dondiThis is because the operation
point is not essential when the operation of the dual modulat the limitation algorithm is
illustrated.

Table 6.1: Nominal parameters of the induction motor usdtiérexperiments.

Parameter Value  Unit
Nominal powerP, 22 kW
Nominal voltagel,, 380 A\
Nominal currentl,, 43 A

Nominal frequencyf, 50 Hz
Nominal speed,, 1460 r/min
Power factorkos ¢ 0.86

The main circuit of a single commercial frequency convert@s comprised of line-side
inductors, a full-wave diode rectifier bridge, a direct agk link capacitor, and a three-phase
inverter bridge. The main circuits were customized by addimgle-phase reactors o0 pH

to the inverter outputs. Additional cabling was also preddo enable connection between the
direct voltage buses of the converters.

The control parts of the frequency converters were custediiy replacing the original control
cards with custom FPGA-based control cards to enable fiptc-connection to the FPGA-based
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Fig. 6.1: Main components of the laboratory prototype. Thetqiype consisted of a PC, a dSPACE
real-time controller, an FPGA-based control board, custechcommercial frequency converters, and an
induction motor operating in no-load condition.

control board. The function of the FPGA-based control bosad to operate as an interface
between the converters and the dSPACE real-time contaoliéto synchronize the operation of
parallel units. The principle of the synchronization metfapplied has been presented and its

performance analyzed in (Laakkonen etlal., 2009).

The converter control algorithms developed using Matlabiink were implemented in the

dSPACE real-time controller. These included an open-locglas control, the proposed
limitation algorithm, and the proposed dual modulator. &htial pulse pattern formation was
realized in the FPGA-based control cards located at eacrectsm unit. The conventional space
vector PWM was applied as the primary modulation method.

An overview of the measurement setup is shown in Eigl 6.2. Mleasurement equipment
consisted of two Agilent DSO6104A four-channel digitalilescopes and eight Fluke 80i110s
current probes. All output phase currents of the first andrs@énverter and two output phase
currents of the third inverter were measured. The third aippase current of the third inverter
was eventually calculated from the measured phase cumasnts

o3 = — (taj + b1 +ic,1 +la2 + b2 +ic2 + ta3 + ib,3) (6.1)
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Fig. 6.2: Overview of the measurement setup. Eight of ninpuwuphase currents of the inverters were
measured using Fluke 80i110s current probes. The measigralsswere viewed and captured using
Agilent DSO6104A digital oscilloscopes.
This is possible since the sum of load phase currents musfysat

Ta,L +ib,L +ic,L =0 (6.2)

and the load phase currents can be expressed as

taL = la,1 + %2 + %3 (6.3)
b, = b1 + b2 + b3 (6.4)
ic,L = ic,l + ic,2 + ic,3 (65)

Besides measuring the output phase currents of the ingevigtage vectors fed to the primary
and secondary modulators were captured from the ContrilDgsich is a graphical interface
between the operator and the dSPACE real-time controller.

6.2 \Verification of the dual modulator method

The operation of the proposed dual modulator was verified wothe case of parallel inverters
with common and separate direct voltage sources. Basitaltytypes of tests were carried
out. The first tests were performed to verify the ability tool the average3-axes voltage
components without affecting the avera@raxis voltage components. The second tests were
performed to verify the ability to control the averagexis voltage components without the
affecting average3-axes voltage components. These tests were also used tp therimain
differences between the parallel inverter configurations.

Before the results from the above-described tests aremieekdet us consider for comparison
the results that were obtained when the parallel invertenevdriven with identical voltage
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Fig. 6.3: Measured phase and zero-sequence currents ims$keeo€ parallel inverters with common and
separate direct voltage sources. In both cases, the parakgters were driven with identical voltage
commands. Blue, green, and red lines indicate the firstngk@nd third inverter, respectively.

commands. These results are shown in Eigl 6.3. Both in the chparallel inverters with
common and separate direct voltage sources, the phasatswrere well in balance although
neither the frequency converter components nor the addgpdioreactors were matched in any
way. The zero-sequence currents were also approximatedyrzéoth cases.

Let us now consider Fi. 6.4, which shows phase currents andrt vector trajectories in the
case of parallel inverters with a common direct voltage sewvhen identical voltage vectors
were fed to each primary modulator and the voltage vectat¢dehe secondary modulators
were moving along the trajectories depicted in F[gs. 6]4(®)[6.4(0). As a consequence
of the voltage vector differences, which were generated djysting the a3-axes voltage
components, mainly theg-axes currents were affected as expected. This can be datlu
from Figs[6.4(d) anf 6.4(d). The minor zero-sequence otsngere probably a consequence of
the fact that instantaneous zero-sequence voltages haagsahonzero values. Similar behavior
was observed also in the case of parallel inverters withra¢galirect voltage sources. These
results are shown in Fi§.8.5. The main difference was thatz#iro-sequence currents were
maintained approximately at zero values as expected.
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Fig. 6.4: Captured trajectories of the voltage vectors fethe secondary modulators, measured phase
currents, and current vector trajectories in the case aflighinverters with a common direct voltage source.
Identical voltage vectors were fed to each primary moduldtue, green, and red lines indicate the first,

second, and third inverter, respectively. The vector drawllack shows the instantaneous orientation of
the voltage vector fed to the primary modulators.
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Fig. 6.5: Captured trajectories of the voltage vectors fethe secondary modulators, measured phase
currents, and current vector trajectories in the case @allghinverters with separate direct voltage sources.
Identical voltage vectors were fed to each primary moduldtue, green, and red lines indicate the first,
second, and third inverter, respectively. The vector drawllack shows the instantaneous orientation of

the voltage vector fed to the primary modulators.
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Let us next consider the results presented in [Eigs. 6.6 ahdréthese cases, the voltage vectors
fed to the secondary modulators were set as depicted inf&6&@) and 6.7(@). In other words,
only the0-axis voltage components were adjusted andiheaxes voltage components were set
to zero. In the case of parallel inverters with a common divettage source, such a difference
resulted in low-frequency zero-sequence currents as &egbeln addition, they5-axes current
components were distorted as shown in Fig. 6]6(d). The neaisans for this kind of distortion
are the required blanking time, the finite turn-on and tuffritmes of switching devices, and the
forward voltage drops of switching devices and anti-pataliodes. As a consequence of these
nonidealities, phase currents tend to cross the zeroftuenel at the same time (Itkonen et al.,
2009c). This kind of behavior is visible in Fig. 6.6(e), whishows the phase and zero-sequence
currents of the inverters.

In the case of parallel inverters with separate direct galtaources, zero-sequence voltage
component differences introduced minor high-frequencg-sequence currents as can be seen
from Figs[6.7(d) anfi 6.7(e). This is mainly because the geed switching differences were
such that the upper and lower switching devices in the ganallase legs were not conducting
simultaneously at any time. In other words, no current patbsing through the frequency
converters were generated, although the inputs were ratésb The formation of such current
paths has been illustrated in (Itkonen etlal., 2008).

6.3 \Verification of the limitation algorithm

The operation of the proposed limitation algorithm was fiedliin the case of a common direct
voltage source. Some of the results are shown in Eigs[@8a6d6.1D which correspond to
the cases where the limitation was performed by applyingtfoalar limit, space vector limit,
and minimum amplitude error methods together with the za@msence component limitation
method. In each presented case, the maximum space vectoermdequence component limits
were set at,,, = 7o max ~ 0.5 V.

Let us first consider the results shown in [figl 6.8. Fighr8&g.and 6.8() show the trajectories
of the commanded and limited voltage vectors when the @rdirhit method was used together
with the zero-sequence component limitation method. Asvshdoth then§-axes and)-axis
voltage components were limited. The projections of theroamded and limited voltage vectors
on thea plane show that the limitation was performed so that onlyatfmglitude of the vector
that is comprised of thea3-axes voltage components was distorted, as expected.

Consider next the results shown in Hig.]6.9. In this caselitthitation was performed applying
the space vector limit method together with the zero-secgi@omponent limitation method.
Also in this case, the projections of the commanded andéunibltage vectors on thes plane
show that the limitation was performed so that only the atagé of the vector that is comprised
of the o 3-axes voltage components was distorted, as expected.

The results in the case where the limitation was realizetiyapgpthe minimum amplitude error

method together with the zero-sequence component limitatiethod are illustrated in Fig. 6]10.
The projections of the commanded and limited voltage veatortheas plane show that the

limited vector lies on the hexagon and that this vector isapmately closest to the vector to
be limited, as expected.
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Fig. 6.6: Captured voltage vectors fed to the secondary tatag, measured phase currents, and current
vector trajectories in the case of parallel inverters witommon direct voltage source. Identical voltage
vectors were fed to each primary modulator. Blue, greenraddines indicate the first, second, and third

inverter, respectively. The vector drawn in black showsitiséantaneous orientation of the voltage vector
fed to the primary modulators.
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Fig. 6.7: Captured voltage vectors fed to the secondary tatatg, measured phase currents, and current
vector trajectories in the case of parallel inverters waharate direct voltage sources. Identical voltage
vectors were fed to each primary modulator. Blue, greenraddines indicate the first, second, and third

inverter, respectively. The vector drawn in black showsitiséantaneous orientation of the voltage vector
fed to the primary modulators.
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(d) Current vector trajectories in the3 plane.

Fig. 6.8: Captured trajectories of the limited voltage westfed to the secondary modulators and
corresponding current vector trajectories in the case odligh inverters with a common direct voltage
source. The same voltage vectors were fed to each primarylatod The limitation was performed
applying the circular limit and zero-sequence componenitdition methods. Blue, green, and red lines
indicate the first, second, and third inverter, respegtivehe vector drawn in black shows the instantaneous
orientation of the voltage vector fed to the primary modudst
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Fig. 6.9: Captured trajectories of the limited voltage westfed to the secondary modulators and
corresponding current vector trajectories in the case oflighinverters with a common direct voltage
source. The same voltage vectors were fed to each primarylatod The limitation was performed
applying the space vector limit and zero-sequence compdingtation methods. Blue, green, and red lines
indicate the first, second, and third inverter, respegtivehe vector drawn in black shows the instantaneous
orientation of the voltage vector fed to the primary moduwist
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Fig. 6.10: Captured trajectories of the limited voltage teex fed to the secondary modulators and
corresponding current vector trajectories in the case odligh inverters with a common direct voltage
source. The same voltage vectors were fed to each primarylatod The limitation was performed
applying the minimum amplitude error limit and zero-seqieecomponent limitation methods. Blue,
green, and red lines indicate the first, second, and thirerier; respectively. The vector drawn in black
shows the instantaneous orientation of the voltage veetbtd the primary modulators.
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6.4 Discussion

In this chapter, several measurement results were presémteerify the operation of both
the proposed dual modulator method and the limitation @lyor The operation of the dual
modulator was verified both in the case of parallel invertétls a common direct voltage source
and in the case of separate direct voltage sources. Thagehowed that with the proposed
dual modulator method, it is possible to control iig-axes and)-axis voltage components
independently. The presented results also showed the niffénedce between the studied
parallel inverter configurations; in the case of a commoedlivoltage source, zero-sequence
currents can flow between the inverters, while in the casediisate direct voltage sources they
cannot.

The proposed limitation algorithm was verified in the casparllel inverters with a common
direct voltage source. All presented combinations weriigdr In other words, limitations were
performed applying the circular limit, space vector limaihd minimum amplitude error methods
together with the zero-sequence component limitation oeethn all cases, the limitations were
realized as expected.
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Chapter 7

Conclusions

This chapter discusses and summarizes the main resultsisofigsertation and provides
suggestions for future work.

7.1 Summary and main results of the work

Parallel connection of power converter units is commonidu® increase the current carrying
capacity of power converter systems beyond the ratings difislual power semiconductor
devices. High-power converters realized by using paratieinection are needed for example
in multimegawatt wind power generation systems. Besidep#rallel connection can be used
to increase the current carrying capacity, the number dfegifons requiring parallel connection
of several power converters units are growing. These ircfadexample photovoltaic and fuel
cell applications.

Parallel-operating power converters are, however, stilgeovercurrent and thermal stresses
that are caused by unequal load current sharing and cugiect$ating between the units. The

unequal load current sharing and the currents circulattyd&en the parallel units are commonly
described with the term circulating current. Circulatingrrents are caused by component
tolerances and asynchronous operation of the paralled.unit

The main objective of this dissertation was to study and @mmpwo different parallel
three-phase voltage source inverter configurations frenciticulating current point of view. The
target was met by first developing mathematical models ftr parallel inverter configurations,
then deriving circulating current models from the devetbgerallel inverter models, and
finally, performing a circulating current analysis. Bottretparallel inverter and circulating
current models were derived for an arbitrary number of pelraiits. Most of the existing
contributions dealing with the modeling of parallel thigigase power converters consider only
parallel connection of two units, which is a special case.

The circulating current analysis showed that the main difiee between the studied parallel
inverter configurations, from the circulating current gafview, is that in the case of parallel
inverters with a common direct voltage source, a zero-sgzpieirculating current may flow
between the inverters, while in the case of parallel invenéth separate direct voltage sources
there is no path for such a circulating current. This, howdwalds true only when the separate
direct voltage sources are isolated.

The circulating current analysis also demonstrated thatilziting currents in a certain unit can
be controlled by controlling at least two of three phase @tages in the case of parallel inverters
with separate direct voltage sources, while in the case afnanton direct voltage source, it
is required that all three phase leg voltages are contrdildde circulating currents are to be
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maintained near the zero level. Furthermore, the analpsised that the current flow between
the inverters can be controlled provided that- 1 units are equipped with proper circulating
current controllers.

Besides comparing the studied parallel inverter configomdtom the circulating current point
of view, it was also considered how differences in blankiinges, finite turn-on and turn-off
times of switching devices, and forward voltage drops oftawing devices and anti-parallel
diodes affect circulating current generation between #ralfel units. The considerations were
based on a simplified time-domain circulating current modielvas, however, shown that the
results obtained from the simplified model were well in agreat with the circuit simulations.
Moreover, some experimental results were presented. édththe experimental results verified
some of the predictions, it was concluded that the verificedif the simplified model is difficult
or even impossible to perform experimentally.

The secondary objective of this dissertation was to devalodulation method that allows to
control zero-sequence voltages separately fronafh@xes voltages, and vice versa. The target
was met in the form of a dual modulator method. The dual mddutzasically consists of two
independently operating modulators, the outputs of whidmtually constitute the switching
commands of the inverter. The two independently operatinglutators were referred to as
primary and secondary modulators.

In its intended usage, the same voltage vector is fed to timapy modulators of each
parallel unit and the inputs of the secondary modulatorsadtained from the circulating
current controllers. To ensure that the voltage commantisredd from the circulating current
controllers can be realized, the inputs of the primary acdiséary modulators must be limited.
The inputs of primary modulator can be limited with the drigtspace vector limitation
methods. The limitation of secondary modulator inputs isasostraightforward. This is because
one has to limit both the voltage reference vector and zeguiance voltage components so that
the allowed phase leg reference values are not exceedey titnen To deal with this problem,

a limitation algorithm that can be used to combine the exgstipace vector limitation methods
with the zero-sequence component limitation method waediniced.

The feasibility of both the proposed dual modulator methiod #he limitation algorithm was
verified experimentally. Experimental results also vedifsome of the circulating current
analysis results. These included for example that zeraesexg circulating currents exist in
the case of parallel inverters with a common direct voltagece.

7.2 Suggestions for future work

Circulating current models for two different parallel terphase voltage source inverter
configurations have been presented in this dissertatiomnddels were used to show the main
difference between the studied configurations from theutaténg current point of view and to
study circulating generation mechanisms. It was also Bradimonstrated that the presented
circulating current models can be used in designing citmdacurrent controllers. The design
of circulating current control system was not, howeverluded in this dissertation. Thus, the
future work will concentrate on developing and analyzinghsa circulating current control
system.

The feasibility of both the proposed dual modulator method #he limitation algorithm was
verified experimentally. The experiments were, howeverj@dout under steady-state operation
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conditions. Thus, dynamic tests should be carried out testigate the benefits and drawbacks
of the proposed methods. It is also pointed out here thatnmdtion obtained from the voltage
vector and zero-sequence component limitation can be aseaid integrator windup. Thus, the
future work should also focus on combining the proposedditiin algorithm with the integrator
wind-up prevention provided that the circulating curresizollers are integrative.
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Appendix A

Factorization of transfer function matrices using
singular value decomposition

Singular value decomposition (SVD) can be used to fact@inen x n matrix A _into (Rade
and Westergren, 2001)

A = QSPT (A1)

whereQ is anm x m orthogonal matrixS is anm x n diagonal type matrix, ank is ann x n
orthogonal matrix. The orthogonal matric®sandP satisfyQTQ = I andP™P = I where

I is an identity matrix with the appropriate dimensions. Téal end positive diagonal elements
of S are singular values ok. The properties of SVD include that the number of singuldues
equals the rank oA .

The columns ofP are orthonormal eigenvectors corresponding to the eideesafATA. To
obtain the orthonormal eigenvectors, we first need to applyaaacteristic equation (Kreyszig,
1999), which can be expressed as

air — A a12 ce A1n
—\ - :
det (ATA —21) =| ' ™ C =0 (A.2)
. T A(n—1)n
an1 T an(nfl) Qnn — A

The term) is called an eigenvalue T A andI is an identity matrix with the dimensions of
n x n. Itis worth emphasizing that the eigenvalues\df A are the roots of{Al2) and that there
are at least one eigenvalue and at mogistinct eigenvalues. After determining the eigenvalues,
eigenvectors are obtained by

(ATA-)MI)g=0 (A.3)

whereg # 0 is a non-zero eigenvector corresponding to the eigenvaluerhe resulting
eigenvectors can be expressed in the matrix form as

G = [gl §2 gn] (A-4)

The orthogonal matri® is now obtained by orthogonalizing the matrix of eigenves{@.4).
The orthogonalization can be performed by applying the G&immidt orthogonalization, see
for example/(Rade and Westergren, 2001). The orthogonaibnitcan be given as

P = [171 Py e ﬁn} (A.5)
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To obtain the diagonal type matrs, we need to determine the singular value\ofAssuming
that the eigenvalues obtained by (A.2) are\as .., A, > 0 and\,.41,..., A, = 0, the singular
values can be given as

ui:\/)\_i 1=1,2,...,1 (A.6)
The singular value$ (Al6) are put into the diagonaBdds

Sii = iy 1=1,2,...r (A.7)
and the rest of the elements are set to zero.

The construction of the orthogonal matfix can be described as follows. First set

Ei:iAgi, i=1,2,...,r (A.8)
and if < m, complete by, . .., h,, which, again, are obtained by

(AAT - AI)h =0 (A.9)
It is pointed out that[(A]9) is basically used only to obtaigemvectors corresponding to the
eigenvalues\, 1, ..., A\, = 0. Now we can write

H=|f By - iy (A.10)

The orthogonal matrixQ is obtained from [[AI0) by applying the Gram-Schmidt
orthogonalization. The result can be expressed as

Q=@ & - ¢, (A.11)
A.1 Factorization of transfer function matrices

Let us apply SVD to the transfer function matricEs {3.6) dBd), which correspond to the
parallel inverters with separate and common dc voltagecesurespectively. For the sake of

a convenient representation, let us assume parallel ctonesf two units and that = 0.
Although only the special case = 2 is considered, the same procedure can be applied to any
number of parallel units.

A.1.1 Parallel inverters with separate direct voltage soas

Assumings = 0 and parallel connection of two units & 2), the transfer function matrix(3.6)
reduces into

wlL wlL .

ri__R 1 0 —i__R _1 0
2 RZFw?L? 2 RZ+w?L? 2 RT+w7L2 2 RZ+w?L?
1 wlL 1 R 1 wL 1 R
T2 RZ+w2L? 2 R2+w?L? 0 2 R2+w?L2 2 R24w?L2 0
s 0 0 0 0 0 0
sep _
Gaqo O=1] 1 & 1 wL 0 1__R 1wk 0
2 RP+wL? 2 RP+woL? 2 P+ L? 2 RP4w?L?
1 wlL _1 R 0 1 wlL 1 R 0
2 R?24w?L? 2 R?2+w?L? 2 R?2+w?L? 2 R?4w?L?
L0 0 0 0 0 0]

(A.12)
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Letus denotGZZ% (0) = A. Multiplying the matrixA with the transpose oA results in

1

2 R2+L2L2 0 0 - 2 RerLQ 2 0 0
0 11 __ 0 0 _1__1___ 9
2 R?24w?L? 2 R?24w?L?
0 0 0 0 0 0
ATA = A.13
— 3 FLLE U ST o of )
0 “3rFerr O 0 phEmy R
.0 0 0 0 0 0)
Applying the characteristic equatidn (A.2) fo (Al13) restih a characteristic polynomial
2 1
M A2 - A =0 A.14
< REroe2 "t (R? + w2L2)2> (A-14)
from which we can solve the eigenvalues
1
S — A.l
A1 R+ 22 ( 53.)
1
Ay — A.15b
2T R2 1212 ( )
A3 =0 (A.15c)
A =0 (A.15d)
s =0 (A.15¢)
¢ =0 (A.15f)

Eigenvectors corresponding to the eigenvallies (|A.15) eterchined by[(A.B). For example, for
the eigenvalue; we can write

(ATA - )\11) G =

r_ 1

2 R2+i2L2 0 0 _%R2+i}2L2 0 0
1 1 1 1
0 T2 RZyw?L? 0 0 T2 R?fw?L? 0
1
0 0 R 0 0 0 - (A.16)
11 0 0 _1__ 1 0 0 91
2 RZ+w2L? 2 RZFw?L?
1 1 1 1
0 -2 R24-w2L2 0 0 ) R2+4w2L2 0
I 0 0 0 0 0 T RTT?IE |
=0

A non-zero eigenvector that satisfiés (A.16) can be givefias [I 0 0 —1 0 O}T.
Similarly, we can define eigenvectors for the rest of the mighies [[A.Ib). The resulting
eigenvectors can be given in the matrix fofm (A.4) as

G:[§1 §2 §3 §4 §5 !76]

1 0 0100

0 1 0010
0o 0 1000 (A.17)
/-1 0 0100

0 -1 00 10

0 0 00 01
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Applying the Gram-Schmidt orthogonalization [0 (AL 17)Igie

P=[p, P» Ps Py Ds Do)
. 1 ;
o 0 05 000
0 - 0 0 == 0
V2 V2
| oo 0 1 0 0 0 (A.18)
- 1 1
-2 01 0 % (1) 0
0 -4 0 0 % o0
L 0 0 0 0 0 1]
The transpose d® equals
N N N N N ERENA
P’ = [ 1 2 P3 Ps Ds ps}
- 1 ;
R
V2 V2
o 0 1 0 0 o0 (A.19)
- 1 1
7z 00 s 000
0 7 0 0 7 0
L0 0 0 0 0 1

The diagonal type matri® is obtained with the eigenvalués(Al15) ahd (A.6)=(A.7)isTesults
in

r 1

VR 0 0000
1
0 Ve 00000
S = 0 0 0000 (A.20)
0 0 00 0 O
0 0 00 0O
L 0 0 0 0 0 0f
The matrixH is obtained by[{A.B) and (Al9). This results in
H: f_il 52 E3 E4 E5 EG
r R wlL T
\/R2+w2L2 \/R2+w2L2 0 100
7\/R201L2L2 \/sz 27,2 0010
B 0 0 1000 (A.21)
- R wL
_\/R2+w2L2 _\/R2+w2L2 0 100
wl ———£ 0010
\/Rz +w2L2 \/R2+w2L2
0 0 00 0 1]
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Now the orthogonal matrixQ is obtained from [(A.21) by applying the Gram-Schmidt
orthogonalization. This results in

Q=0 & & @& T )
[0 = 0 & 0 0]
1 wL 1 R 1
V2 /R4w?L? V2 \/RP4wiL? 0 0 V2 0
0 0 1 0 0 O (A.22)
|l __ R 1wl 0o L o0 o
V2 \/R2+w2L2 V2 \/R2+w?L? V2
1wl 1R 1
V2 \/R2+w2L?2 V2 \/R2+w?L? 0 0 V2 0
0 0 0 O 0 1

Now the SVD of [A.12) can be given by (A.P2)), (A]20) and (A.19)

A.1.2 Parallel inverters with a common direct voltage soarc

Let us now apply SVD to the transfer function matrx_(3.8) amssume, again, parallel
connection of two unitsr{ = 2) and thats = 0. As a consequence of these assumptions,
the transfer function matrix(3.8) reduces into

com _
dq0 (0) -
1 R 1 wl 0 1 R 1 wl 0 T
2 RZ+w?L? 2 RZ+w?L? 2 RZ+w?L? 2 RZ+w?L?
1 wL 1 R 1 wL 1 R
T2 RZFW2L2 2 RZ4+w?L2 101 2 R2+w?L?2 2 R2+w?L? ? ) (A.23)
0 0 S= 0 0 —s= .
2R 2R
1 R 1 wL 0 1 R 1 wlL 0
2 R?24+w?L? 2 RZ+w?L? 2 R?24w?L? 2 R?24+w?L?
1 wL 1 R 1 wL 1 R
2 R24+w?L2 T 2 R2tw2L2 0 T2 R?fw?L? 2 R24+w?L2 0
11 11
| 0 0 —3F 0 0 3R |

Let us denotéxg (0) = A. Multiplying the matrixA with the transpose oA results in

ATA =
ri 1 1 1
2 R24+w?L2 0 0 T2 R2yw2L?
1 1
0 2 RZ+w?ZL? 0 0
1.1
0 0 iz 0
1 1 1 1
T2 R?fw?L? 0 0 2 R24+w?L2
1 1
0 —wrorr 0
0 0 ik 0

0

L1
2 R24+w?L2

(A.24)

Applying the characteristic equatidn (A.2) fo (Al24) rdsuh a characteristic polynomial

1 2 1
23 A— — A2 — A
<< RQ) < R (R gL

2))-

(A.25)
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from which we can obtain the eigenvalues

1

Alfﬁ

1
A pr—
2 R2 + w22

1
)‘3_R2+w2L2
=0
A5 =0
X =0

(A.26a)
(A.26b)

(A.26¢)

(A.26d)
(A.26¢€)
(A.26f)

Eigenvectors corresponding to the eigenvallies {A.26) eterchined by[(A.B). For example, for

the eigenvalue; we can write

(ATA - /\11) G =

1

RZ

rr__ 1 1 0 0 11
2 R?2+w?L? R2 2 R?24w?L?
1 1 1
0 1t w0 0
0 R
_1 1 0 o 1L 1 _
2 R2+4w2L2 2 R24 w22
1 1
0 sz 0 0
o R
=0

A non-zero eigenvector that satisfiés (A.27) can be givefilass [0 0 1 0 0 —1]

(A.27)

T

Similarly, we can define eigenvectors for the rest of the migkies [[A.26). The resulting
eigenvectors can be given in the matrix fofm (A.4) as

G

_ o o= OO

_ o O~ O

:[51 §2 §3 §4 §5 !76]

1

o= OO

P = [171 ﬁQ ﬁ3 174 ﬁ5 ﬁﬁ}
r 1
0 0 % 0 0
0 % 0 0o L
2 V2
. 0 0o X o0
_| ¥ ., V2
0 01 -7 0 (1)
0 -5 0 0 %
-5 0 0 5 0

o ot = o%f

(A.28)

(A.29)
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The transpose d® equals

PT =[5, 7, B P Bs Do)
0 (1) % 0 01 -
(1) 5 0 o1 v
s 0 (1) -7 0 (1) (A.30)
0 (1) 5 0 (1) 7
I
z 0 0 5 0 0

The diagonal type matri® is obtained with the eigenvalués(Al26) ahd (A.6)=(A.7)isTesults
in

- 1 _
NG 0 0 0 00
-1
O vmom 0 000
1
s=|0 0 Vv 000 (A31)
0 0 0 0 00
0 0 0 0 00
) 0 0 0 0 0]
The matrixH is obtained by[{A.B) and (Al9). This results in
H=|h, hy hy hy hs hg
B wL R 1
0 \/R2+w2L2 \/R2+w2L2 0 01
0 \/sz 27,2 7\/R2°-’+L 27,2 0 10
1 0 100 (A.32)
= _ wL . R
0 \/R2+w2L2 \/R2+w2L2 0 0 1
0 ——== L 010
\/R2+w2L2 \/R2+w2L2
-1 0 0 10 0

Now the orthogonal matrixQ is obtained from [[A3R) by applying the Gram-Schmidt
orthogonalization. This results in

Q=0 & & @& & d

[0 1wl R 0 0 -
V2 \/R?tw2L? V2 \/R?1w2L? V2
1 R _ 1 wL 1
0 AUmo: sVt 0 v Y
1 1
|5 0 0 2 0 0 (A.33)
10 Y -1l __£R 0o o0 L
V2 \/R*+w2L? V2 \/R2+w2L? V2
0 _1 R 1 wl o L o0
V2 \/R?1w?L? V2 ,/R*1w2L? V2
1 1
v 0 0 7 0 0

Now the SVD of [[A.238) can be given by (AB3)), (Al31), abhd (&30
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Appendix B

Simulation model

The simulation model used to verify the validity of the tidemain circulating current model,
presented in ChaptEl 3, is introduced in some detail in tpisehdix.

In brief, the simulation model implemented in Matlab/Siikl consisted of three parallel
inverter units with a common direct voltage source. The oigtpf the inverters were connected
in parallel through the current sharing inductors which everodeled as resistive-inductive
branches. Furthermore, the inverters were feeding airesistductive load. The applied circuit
parameters are given in Taljle B.1 unless otherwise memtiohga control method, a constant
Volts/Hertz control was used. Furthermore, as a modulatiethod, a space vector PWM was
applied. The top level of the simulation model is presenteféig.[B.1.

Table B.1: Parameters for the circuit simulations.

Parameter Value Unit
dc link voltageu,, 565 V
Output inductances,, Lo, L3 100 HH
Output resistanceR;, Ry, R3 0.1 Q
Load inductancé.y, 13.7 mH
Load resistancéy, 185 mQ
Forward voltage dropSy. 1, Ug 5, Up 3 2.0 v
Blanking timest 1,24 5,4 3 2.0 s
Switching frequency 5 kHz

Figure[B.2 shows the top level of the modulator block. Themfaiction of the modulator

block is to form the inverter gate drive signals from the giveltage reference vector. The gate
drive signals of the inverters are formed from the (phasétbivweommands. Although the same
switch commands are basically sent to each parallel urgtptanking times between the gate
drive signals of the upper and lower switches can be set smt#gntly for each unit. This is

performed in the safetime logic blocks. It is also possibldélay the rising and falling edges of
the gate drive signals to simulate the finite turn-on and-tfftimes of the switches. This, again,
is performed in the delay generation blocks. A similar apptois used also in the experiments.



114 Appendix B. Simulation model

0.25 P ref_lim u_xy
Speed
Reference Constant

Yolts/Hertz Contral

Ude

Canstant Scaling to pu
LDC voltage Modulator

+ —a
Udc
T o ]
n B n
Inverter 1 Reactors R1
—a
B—2a B——1
—na B
a
—a =
Inverter 2 Reactors R2
L—n
B
[PE—
L——n

e—a

Inverter 3 Reactors R3

powErgui

Data Capture

RL Load

-+

Fig. B.1: Top level of the simulation model. The main ciratinsists of three parallel inverter units with

a common direct voltage source. The outputs of the inveaiergonnected in parallel through the current
sharing inductors modeled as resistive-inductive brasiciidne inverters are feeding a resistive-inductive
load. As a control method, a constant Volt/Hertz controkiediand as a modulation method, a space vector

PWM is applied.
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Fig. B.2: Top level of the modulator block. The main functfithe modulator block is to form the inverter
gate drive signals from the given voltage reference vedtoe blanking times between the upper and lower
gate drive signals are generated in the safetime logic blotke delaying of the rising and falling edges
of the gate drive signals that are used to simulate the finite@n and turn-off times of the switches is
performed in the delay generation blocks.
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