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Abstract—The goal of this paper is to compare different
solutions for the parallelization of grid side volage source
converters operating in medium voltage for applicabn in multi-
megawatt (MW) offshore wind turbines. The study tales into
account different alternatives in terms of both tomlogy and
modulation: in particular it considers whether the DC busses are
common or separated, the output filters are isolaw or coupled,
and, in the latter case, the impact of the couplingcoefficient
value. The use of interleaving modulation techniqueis also
analyzed. Systematic comparative analyses are reped with the
goal of orienting trade off design choices for offgore converters.

Keywords— inverter paralelization, grid side converteutput
filter, interphase inductance, wind turbine.
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Several research activities are ongoing on multi-ce
converters for wind power applications, considerraih Low
Voltage (LV) and Medium Voltage (MV) solutions.

Compared to LV converters, MV solutions reducedbst of
cables and connections and give a further advarntatggms of
reliability due to the lower number of componertguired.

This paper focuses on the parallelization of meduattage
grid side converters for multi-MW wind turbines. donsiders
and compares in a systematic way the system peaafarenunder
different configuration and operation scenariospémticular, it
analyses the effect of separated and connecteduBseb as well
as the type of magnetic coupling (if any) of thetpom
inductance. The impact of the selected PWM stratedyich
may or may not imply interleaving, is also consaerFor the
sake of simplicity, a reference test case basetherstandard

Offshore wind energy resources are significantly renotwo-level converter topology is considered, theeotije of the

powerful and constant than onshore ones. They eaxploited
with larger wind turbines (WTs), since they are oohstrained
by road transportation and they imply much lesgalisnd noise
impact than onshore installations. All these fextare boosting
the offshore energy wind sector and a total of 7&@& of
installed offshore wind capacity, from more thar0@3wind
turbines has been reached in Europe in 2014 [thofbh best-
selling offshore wind turbine are in the range of 81W, they
are rapidly evolving towards much higher power lsvahe
biggest offshore wind turbine, recently deployedienmark is
rated 8 MW [2] and larger sizes up to 10 MW are diging
proposed [3]. The increasing demand for improved dWtrol
and the stricter requirements set by grid codedeading to a
widespread use of full-power back-to-back power veoter
solutions. In addition, the need to process povuawrd in the
range of several MW encourages the use of severakemp
converter lines connected in series or in pardi@l Such
modular approach may imply intrinsic system reducga
allowing the WT to continue operating even in caka faulted
conversion line, thus resulting in higher systenliabdity.
Moreover, the multi-cell approach allows an impnmest of the
system efficiency by reducing the number of ce#iediin case
of low winds.

paper being the comparison of the different sohgtiaunder
equal operative conditions and not the definitibammoptimized

topology.

Il. CONSIDEREDSYSTEM

In this paper, a multi cell power electronics ifdee suitable
for high power medium voltage off-shore wind tudsnis
studied. The focus of the work is on the grid sidaverter of
the WT, which is connected to an electric netwarnierating
at a medium voltage level of 3.3kV.

The system under consideration is based on twoayelt
Source Converter (VSCs) working in parallel, agsilfated in
Figure la-d. In such a figure, multiple configurations are
given, depending on whether the DC bus capacitdace
common or independent between the converters asetlban
the coupling of the inductors. The different implions of the
configurations are analyzed in detail in the follogvsections.
In terms of converter control, the possibility aitérleaving
has been considered in the literature and has prtwebe
beneficial for the sizing of the filter inductorAs only two
converters are considered in this paper, a 180%elshift
between both of the VSCs carrier signals is usedtlie
interleaving implementation, as described in Sectio
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Figure 2 Positive and negative coupled inductoesth

[Il. CONNECTEDvs SEPARATEDBUSSES

The use of the separated DC bus configuration a&sge the
redundancy of the system, which is reduced in comm&

bus configurations. By contrast, an advantage afraon dc-
bus configurations is that both of the invertergenthe same
instantaneous input voltage. This is particuladyéficial for

precise implementation of the interleaving techeiguas
explained in section V. In addition, when the ifgawving

technique is utilized in the common DC bus configian, the
THD of the DC bus voltage is also reduced.

By contrast, as the separated DC bus case miglt te
differences in the two capacitor voltages, therlatesing may
be not perfectly implemented and result in harmeriose to
the carrier frequency band. Nonetheless their doddi is
usually significantly lower than if interleaving wholation is

not used.

Assuming that the grid topology does not allow zegquence
current (e.g.: in case of delta connection of taagformers),
the existence of such a current component is plessibly

under the common DC bus configuration. The common

capacitor connection offers a path for it to floesulting in a

circulating current between both converters, which does not

affect the main grid, but increases the lossesiénconverter
system and affects the system design since attdhgonents
must withstand such a current.

A circulating current might appear even if the dskes are
separated [5], but it can only be formed by positand/or
negative sequence components as there is no pathefaero-
sequence in such a case. Thus, assuming equalrtemaad
filter parameters, the circulating current is uluamaller
using separated dc-busses [6].

IV. POSSIBLETYPESOFOUTPUTFILTERS

Several topologies have been proposed in the tlitexd7] for

the converter inductive filter, e.g., it can be uladed or
coupled, and the coupling can be positive or negatn the
case of positive coupling the fluxes due to the teaverter
currents are added in the inductor core, whilehim tase of
negative coupling the fluxes are subtracted, aswshin

Figure 2.

The main disadvantage of insulated inductors (FidLa-b) is
that the current in one of the VSCs does not imibeethe
other; hence, the match between the two currentsgslated
only by the inverter control system. In contraste tuse of
coupled inductors can provide beneficial effectshsas to
naturally reduce the circulating current or to firtie output
current harmonic content without increasing thee sid the
filter [8].

In this article, it has been considered that theiptexd

inductors are implemented as interphase filtees; @& filter
coupling each phase of the first VSC with the cgpondent
phase of the second VSC (Figure 1.c-d).

Zhanget al. analyzed the effects of a common mode (CM) and

an interphase filter in [9]: Unlike common modetdik,
interphase inductors can limit both the CM anddtiterential
mode (DM) of the circulating current. Thereforeistholution
is usually preferred and has been used in this work
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Figure 3 Simplified model of the (positively) coeglinductor.

Interphase filter inductances can present a pesitivnegative
magnetic coupling, as shown in the simplified circd Figure

2.

For the sake of clarity, the effect of the couplisgnse
(positive or negative) on the circulating currest hriefly

recalled in the following.

For this purpose, the currents in the interphaseidtor has
been divided as follows:

i, =i, +A (1)

By contrast, positive coupled inductors give thdlofeing
equations:

Ni, (t) + Ni, (t) = RY ®)
While (3) and (4) still hold. Consequently, thewgan is
%:—%_Liz(t) )

ot ot L
From (9) the opposite conclusion can be drawn: esitie
current derivatives have opposite signs, a vanatid the
current of the first converter is followed by a i@éion of the
other current in the opposite sense. Consequerdily t
circulating current will be amplified.

As a consequence, with negative coupling'1 if i2 the total

flux in the inductor will be null, and the filterilvhave no
effect on the total output current. By contrastthwpositive
coupling, under the same conditions, the flux ia tore will
be twice as much as the equivalent insulated fitase,
increasing the circulating current, but at the satime

Where i;and i, are the currents of converter 1 and 2,reducing more efficiently the harmonic componentstte

respectively, for the same corresponding phase, Amd
represents the circulating current, which should&® under
ideal conditions. Assuming that the system behdivesrly,

the superposition property can be used by studyin

independently the contribution of each converter.

The equations of the system for negative couplimg a
presented below:

Ni, (t) = Ni, (t) = R 2)
e (1)=NZE ®
& (t) =-ri(t) (4)

WhereN is the numbers of windings turns (the same in each

circuit), R is the reluctance of the circul is the magnetic

flux and €, the induced voltage on the second winding,

having a resistance equal toTaking the time derivative in
both sides of equation (2) and rewriting the flexidative as a

function of i, yields:

AbOLO=RG e
2(()-10)= el =Te()  ®©
mdﬂzmdﬂ_{Bm (7)

ot
From (7) it is possible to see that the derivatiedsboth
currents have the same sign, meaning that a ariafione of
the currents produces a variation of the othererurin the
same sense. This naturally reduces the circulatingnt,Ai.

output grid current.

V. PWMMODULATION STRATEGY

%he literature presents many different Pulse Whdtdulation

(PWM) techniques. The most classical ones are Sidak
PWM (SPWM) and Space Vector Modulation (SVM), but
many variations can be used.

Sinusoidal Pulse Width Modulation (SPWM) technigise
considered for the inverters in this paper. Even
Discontinuous Space Vector Modulation (D-SVM) caweg
better performances [10],[11] for the system urstedy, the
aim of this work is to analyze and compare differen
topologies working under the same control strategy.

if

Tablel Nominal values

NOMINAL VALUES

Pa 9 MW
Vi 3,3 kv
In 1,58 kA
f 50 Hz
Ve 5,4 kv
Ioc to 1,67 kA
Ciot 10 mF
L 0,11 mH
L grid 0,0011 mH
Coupling coefficient 50 %
Switching frequency 1050 H:

In particular, VSC interleaving techniques can Beduunder
the parallel converter configuration. This tech®@igonsists in
a phase shift between the triangular carriers eftéto PWM



generators, which has a beneficial effect on thepwu
waveforms. As reported in the literature [12],[18]e phase
shift in the carriers causes the cancellation oft d the

harmonics, but it increases the mismatch betweersystems
voltage, increasing the circulating current. Fa tvo parallel
VSC case, a phase shift of 180° is usually usetidifierent

phase shift angles are possible. A research ofofitemal

solution has been carried out following differergddctive
reasoning by many authors, such as in [14] and [15]

Apart from the possible application of the intevieg

techniques, in this work, the same control phildgopas been
used for every configuration, in order to analylze influence
of the different topologies independently of theopied

control technique.

VI. SIMULATIONS

A. Smulation model description

In order to simulate the four topologies preseriefigure 1 a
corresponding simulation model has been implemerited

For the configurations 1 and 3, half of the capaxie has
been used in each bus, and for the inductancenifigemations
3 and 4 a coupling of 50% has been used as thechase As
can be inferred from Figure 3, under such condition
L'=M =L/2=L,/2. The grid has been simulated as a three-

phase voltage source in series with a 3-phase tadce.
These parameters have been summarized in Table 1.

For each configuration, the instantaneous DC velMg. ,

the output currents of each invertdft and i2™) and the

total output AC voltages,v‘;bc, and currentsi;:'ﬁ) have been
considered. From these quantities, the rippaV,. , the

zero-sequence current in one VS'Q , the circulating current

calculated. The results of each system have bempamd,
Figure 4shows some of the most relevant waveforms trends
obtained using negatively coupled inductors for hbot

are and its zero-sequence componer,. , have been

Matlab/Simulink® and used to carry out the analysegonfigurations; i.e., common DC bus and indepen@&bus.

presented in the following. As mentioned earlibg tonverter

By contrastFigure 5presents the equivalent waveforms for the

topology is based on a two-level VSC, which hasnbee positively coupled case. Both figures have beeaiobtl using

modeled using the “Universal Bridge” block with @e
switches. The block “Mutual Inductance” with appriape
settings has been used to model both separatedtimdiand
interphase inductors. Regarding the control strectipoth
parallel converters have the same cascaded
implementation. The internal control loop is based a
standard Pl regulator for the current control, elasr the
outermost control loop uses another PI regulataotarol the
DC voltage of the capacitor. In case of common &sis3
single DC link control loop is implemented, and thetput
current reference is equally split between the inveer loops
regulating the current in the two converters. Thaim
simulation parameters of the selected test casecpmted in
Table 1.

B. Comparison of the four different topologies

In order to verify the considerations presentedvabdour
different topologies for the grid side converterao¥WT have
been simulated and compared. The four
configurations, showed in Figure 1, are:

studie

the nominal 50% coupling coefficient.

According to the theory previously discussed, tleroz
sequence current in each VSC is null in every s#pdrbus
configuration, while it is present in the common Os

contrgbnfiguration as in the latter case there is a fatlit to flow.

This is confirmed by the waveform trends depictadboth
Figure 4a) andFigure 5a). Despite that zero-sequence current
does not exists for the separated DC bus configmst the
positive and negative sequence components ar@r&sent, as
shown inFigure 4b) andFigure 5b). For the common DC bus
configuration, the zero-sequence component repigsan
important percentage of the total circulating cotrdetween
39.7% and 91.7% as given in Table 2. It can beetbee
explained why the circulating current in common Qs
configurations tends to be bigger than in caseeplmated DC
busses.
The circulating currents obtained using negativebupled
inductors depicted irFigure 5a) and b) are significantly
maller than those shownfigure 4a) and b) where positively
coupled inductors are used instead. This graplfilcatration

1. S_eparat\_ed DC-busses with insulated output indUCtiV?ntends to demonstrate the advantage of using iegat
filters (Figure 1-a), coupled inductors in such a system. Nonethelegs, gitid

2. Common DC-bus with insulated output inductive current in the positively coupled inductor configtion (given
filters (Figure 1-b) in Figure 4c) has lower THD than for the case of negatively

3. Separated DC-busses with partially coupled outpu¢oupled inductors (shown irFigure 5c). Moreover, the
inductive filters (Figure 1—c) common DC bus configuration _has a positive impacttie

4. Common DC-bus with partially coupled output THD of the DC bus voltage, @gure 6 suggests. However,

such configuration has the inherent disadvantageddicing
the redundancy of the system.

he | h il 4 for th ) i The effects of the interleaving are also visilotaf Figure 4c)
The interphase filter used for the magnetic cogpimcases 3 54 rigyre 5¢): it improves the grid current THD due to the

and |4 has been analyz"ed hW'th boft.h positive ﬁnd tn?%ga harmonic cancellation but it also produces moreutating
coupling. - Moreover, all the configurations have mee ¢, ent due to the higher instantaneous mismattldas the

sim_ula}ted with and without using the interleavimgairder to  \,gcg. Figure 7and Figure 8give a broad comparison of the
verify its effects.

inductive filters (Figure 1-d)



main features discussed in the present sectione Migcisely,
Figure 7 compares the negatively coupled
configurations with their insulated inductors caarpart, in
terms of the following parameters:

» DC Voltage Ripple

e Grid current and voltage THD

* 9% Circulating current

* % Zero-Seq. Circulating current

* Redundancy
Figure 8shows the equivalent charts for the positivelypted
inductor configuration.

In these charts, all the data have been normalizédrespect
to the configuration that presents the highestevalleach
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Figure 4Waveform trends of theositively coupled (50%) inductor
configuration using interleaving showing both Commbiue) and

Independent (red) DC bus configuration: a) Zero-Seiculating

Current, b) Circulating current in phase "a," ¢) grigrent

analyzed quantity. No redundancy has been considime

inductorsconfigurations with common DC bus, since a faulthie bus

will put the all system out of service. Except the output

power, the compared data represent quantitieshthat to be

limited. So, the area inside each line gives ara idé the

quality of the correspondent configuration, sincéopology

can be considered more suitable if it presentslemalues in

each section. Thus, smaller area implies betterrative
performance.
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Figure 5Waveform trends of thaegatively coupled (50%) inductor
configuration using interleaving showing both Commnibiue) and

Independent (red) DC bus configuration: a) Zero-Seigculating

Current, b) Circulating current in phase "a," ¢) gnigirent.



Figure 6 DC bus voltage in p.u.: Common vs. IndepahdC bus
connection: a) with interleaving, b) without intaiving

Scparated DC-busscs,
insulated L,
interleaving

No
redundancy

Common DC-bus,
insulated L,
interleaving

Separated DC-busses,
negative coupled L

THD Vo Io (-50%), interleaving

= Common DC-bus,
negative coupled L
( 50%), interleaving

a)
Secparated DC-busses,
insulated |, no
THD 1o No interleaving
redundancy

Common DC bus,
insulated I, no
interleaving

Separated DC busses,
o negative coupled L
(-50%), no interleaving

THD Vo =

Common DC-bus,
negative coupled L
(-50%), no inlerleaving

b)

Separated DC-busses,
insulated L,
interleaving

AVdc

No
redundancy

Common DC-bus,
insulated L,
interleaving

THD lo

Separated DC-busses,
pisitive coupled L

THD Vo lo (+50%), interleaving

Common DC-bus,
positive coupled L

Icirc (+50%), interleaving

== Senarated [1(-busses,
insulated L, no
interleaving
No
reduncancy

= COommon DC-bus,
insulated L, no
interleaving

Separated DC-busses,
positive coupled L
lo (+50%), nu inlerleaving

== Common DC-bus,
positive coupled |
(+50%), no interleaving

Icirc

b)
Figure 8 Charts comparing the performance using latest vs.
positively coupled inductors a) with interleavingdab) without
interleaving

C. Parametric effect of the coupling coefficient

The topologies using interphase coupled inductorish w
common or separated DC busses have been testadgs/éng
coupling coefficient both for positive and negatiseupling.
Both circuits have been simulated with coupling fficient
between -80% and 80%, with and without the inteilea
technique. In each simulation, the value of thealtot
inductance,Ls, has been kept constant. Therefore, while
increasing the mutual coupling, the self-inductan¢ecach
phase decreases as can be inferred from Figuresult® of
each simulation are shown in Table 2. As it is flided0 see,
increasing the module of the coupling coefficiemt fiegative
coupled inductors, the circulating current is restjcwhereas
for positive coupling, the increase in the couplougfficient
increases the circulating current.

The output current THD is higher in configuratiomsth
negatively coupled filters. This is because
configurations, only the uncoupled part of the ictdmce
contributes as series output filter to reduce ipple, hence
the output harmonic content is bigger. As the ciogpl
coefficient is reduced, the uncoupled part of thierf
inductance increases, reducing the THD. On therdthed,
the current and voltage THD in configurations wjtbsitive

Figure 7 Charts comparing the performance using insulated vscoupling inductance tends to be lower than theigandtions

negatively coupled inductors a) with interleavingdab) without
interleaving.

with insulated filters, as shown in Tablea@d Figure 9. The
only cases where this does not occur (for signiticalues of
positive coupling marked with a "*" in Table 2)eadue to the
fact that in these cases the self-inductance L'obess so
small that in some instants it jeopardizes thegrerénce of
the VSC controller.

in such



VII. DISCUSSION

The analysis of the above presented cases confithatdor
the configuration presenting independent DC budseszero
sequence current does not appear as there is hofqrait.
However, it is still possible to have a circulatimgrrent
formed by positive or negative sequence comporardsmust
be taken into account as it will contribute to thgstem

efficiency. By contrast, when the configuration siolered has

a common dc-bus, a zero-sequence current also pgeart
of the circulating current. This circulating curtdes usually
larger than the one that appears in the separatdulisses
case.

Regarding the output inductance topology, the negat

interphase coupling between the VSCs decreases
circulating current, but increases the output hamimaontent;
whereas positive coupling of the filter inductorgngficantly
increases the circulating current, but it efficigmeduces its
ripple because of the high CM flux in the core. Etera
tradeoff solution should be found at the desigmestaf the
WT converter.

The use of interleaving increases the circulatungents of the
system (especially
coefficient), but it lowers the harmonic contenttbé output
current. The output harmonic limitation could howeewbe

ensured in such cases by the application of mudtile

converter topologies, instead of standard 2-lev8CV Since,
however, the goal of this paper is not the sizifthe different
circuit components, but the comparative analysistladir

effect on the system; the specific component chdimes not
affect the validity of the study, as long as thateallability of

the system is ensured.

VIIl. CONCLUSIONS

This paper studies the impact of different desigid a
modulation choices on the performance of parallgl dfid side
converters used for multi-MW wind turbine applicais. Using
a simplified test case based on two-level VSCssthdy aims to
complement the existing literature on parallel agien of grid
connected voltage source converters. This is dgrpelforming
a systematic comparative analysis, which considethe same

time 1) DC bus interconnection Il) output filterptmlogy, I1I)

value of the coupling filter coefficient (if anyhd IV) impact of

the interleaving modulation technique.
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Table2 Comparison among the considered test cases

CONFIGURATIONS WITH SEPARATED DC BUSSESCONFIGURATIONS WITH COMMON DC BUSSE$
. . AVdc | lo/grig | leire/lgria | leirc o/leire | THD Vo | THD lo | AVdC | lo/lgrid | leire/1grid | lcire oflcire | THD Vo | THD lo
0, g g > g g >
Coupling %)| Interleaving % % % % % % % % % % % %
no 0,05 0 0,28 0 7,68 2,01 0,05 0,10 0,26 39,0 776 2,01
@ -80%
E yes 0,05 0 0,60 0 6,65 1,50 0,04 0,97 1,06 91)67 857 1,39
8 no 0,04 0 0,30 0 4,51 1,78] 0,03 0,26 0,94 4862 844 1,78
a -65 %
Z yes 0,03 0 0,63 0 3,88 1,26 0,03 1,02 1,14 89/52 60 4| 0,81
[a)]
H no 0,03 0 0,43 0 3,17 1,72] 0,03 0,26 0,69 371 930 1,72
o -50 %
8 yes 0,03 0 0,70 0 2,70 1,19 0,02 1,07 1,23 87)03 18 3| 0,55
@)
w no 0,03 0 0,63 0 2,43 1,70 0,03 0,40 0,89 4476 822 1,70
> -35 %
E yes 0,02 0 0,81 0 2,05 1,14 0,02 1,10 1,80 84/70 352, 0,39
§ no 0,02 0 0,74 0 1,85 1,69 0,03 0,46 1,10 4161 818 1,70
-20 %
yes 0,02 0 0,89 0 1,62 1,11 0,02 1,12 1,42 79/09 851 0,30
e no 0,02 0 0,96 0 1,35 1,68 | 0,02 | 0,73 | 1,34 54,20 1,16 1,67
0%
2 yes 0,02 0 1,06 0 1,22 1,07 | 0,02 | 1,20 | 1,66 72,25 1,11 0,19
" no 0,03 0 1,34 0 0,82 1,65] 0,02 0,95 1,58 60,10 40/)7 1,64
20%
no: yes 0,02 0 1,36 0 0,90 1,04 0,02 141 1,94 72)89 740 0,13
'_
Q no 003| 0 1,64 0 0,69 1,63 003 113 190 598 406 1,62
ol 3%
Z yes 0,02 0 1,67 0 0,76 1,02 0,02 1,45 2,21 65/32 63 0| 0,12
[a)]
H no 0,03 0 2,12 0 0,59 1,60 0,03 1,48 2,46 60,82 7055 1,59
o 50 %
= yes 003| © 2,14 0 0,64 099 002 168 2,62 6438 570 013"
8 no 0,04 0 3,03 0 0,52 1,55 0,04 2,19 3,64 60,4 105 1,53
> 65 %
= yes 0,04 0 3,15 0 0,55 0,99 0,03 2,87 4,31 55/12 51 0| 0,15%
n
8 no 0,06 0 5,38 0 0,47 1,47 0,06 3,59 6,54 5403 704 1,43
80 %
yes 0,06 0 5,42 0 0,49 0,84 0,06 3,68 6,48 56,81 46 0| 0,24F
7 25 -
I I = Separated DC Bus
e Separated DC Bus .
= Separated DC Bus + Interleaving
6 - === Separated DC bus + Interleaving
Common DC Bus
Common DC bus 2
5 . i \ Common DC Bus + Interleaving
Common DC Bus + Interleaving
—
i o— ~
= 3 a \ \
%ﬁ / E 1 e ——
1 /’/4 05 ™
——-—// \ o
0ol = —
\
-100 -50 0 50 100 0
Counling % -100 -50 0 50 100
plng Coupling %
(a) (b)

Figure 9Comparison betwee@ommon DC Bus and Independent DC Bus with and withdatl@aving in terms of a)k/lgiq % and b) THDi
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