IEEE ICA/ACCA 2016 - ISSN 0719-5567, VOL. 22 A, XXXX.XXX. CURIC O, CHILE, 19-21 DE OCTUBRE 2016

New Configurations of Power Converters for
Grid Interconnection Systems

Marco Rivera,Member, IEEE, Sergio ToledoMember, IEEE, Usman NasirMember, |EEE,
Alessandro Costabebéavlember, IEEE, and Patrick WheeleMiember, IEEE

Abstract—The increased penetration of renewable energy resources, generation and loads, which is intended as a back
sources and other distributed energy sources has been seenyp power or to bolster the main power grid during periods
nowadays. In this scenario power converters play a crucial gle of heavy demand. Often, microgrids involve multiple energy

by providing the interconnection of these energy sources. Ais fi i bl oth
paper presents new configurations of power converters for gd ~ SOUTCES as a way ol Incorporaling renéwable energy. er

interconnection systems. Several topologies are analyzashich PUrposes include reduping CO_StS anq enhanCing rglia‘bility
are based on isolated ac-ac matrix converters. [1]. In the last years it is possible to find different micriyr

Index Terms—Grid interconnection, Power converters, Gal- SyStems ba_sed on alternative rene\_/vable energies suchias: so
vanic Isolation (photovoltaic - thermal) [2]-[6], wind [7]-[12], ocean [LL2
micro-hydro [6], [10], [13], geothermal [14], [15], amonghe
ers. Most of these microgrid clusters are working in islahde
or grid interconnected modes.

According to the Energy Program 2014-2018 from the |n this context, power converters are critical, becausg the
Chilean Minister of Energy, the technological and econom-gjlow the integration to the electrical network with diféert
ical development of the country has lead to an increase in i@ds of generation and distribution systems. The most-trad
energy demand in Chile. Itis well known that energy resogircgonal power converters used in these applications areeacti
based on fossil fuels are very limited in the country. Chis h front end rectifiers (AFE) [16], [17]' two-level Vo|tage goe
little natural gas and oil resources and, at the same tinge, gbnverters (2L-VSI) [18]-[20] and multilevel power contrer
extraction costs of coal are high. In addition, there is huggs such as the three-level neutral point clamped (3L-NPC)
social opposition to the electrical development, becabse tconverters [21]-[23] and cascade H-Bridge topologies.[24]
perception of the community to this development is assediatModular multilevel converter technologies have emergeo al
with environmental deterioration and social cost. as a suitable solution to the integration of renewable gnerg

This has lead to higher generation costs and thus high elge electrical grid [25]-[27]. As it can be reviewed, mosthoé
tricity prices for the consumers. With all this what is neédepower converters commonly used nowadays include storage
is a “safe and efficient energy development, with reasonallements which introduce size, weight and failure postisl
prices, that take advantage of the renewable resources ifh @he system.
sustainable and non-polluting way”. ~ An alternative to the converters with storage elements is

In order to avoid the events experienced after the bige matrix converter (MC) which is shown in Fig. 1. The MC
earthquake and last huge storm in the north and central afeag, 5 simple and compact power circuit that directly connects
the country (communication problems and thousands of BeOghe AC-source with any arbitrary AC-load without the need
without electricity), recent initiatives from the goveremt g5, large storage elements, making this topology suitabte f

have been focused on electrical systems interconnectidhet ,any applications where weight and size are important &ssue
promotion of using non-conventional renewable energied, &28]-[30].

the installations of microgrids in isolated areas as wellhas
inclusion of redundancy and reliability of the intercontest

I. INTRODUCTION

system. In all of these initiatives, power converters play a ola

critical role because they allow the integration to the elec

trical network of different kind of generation and distritmn DY By Y

systems. o > >
In the last years the concept of microgrids has become very

popular. “A microgrid is a localized station with its own pew S5 55 S5
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With MC topologies the generation of output voltages of [lIl. POWERCONVERTERTOPOLOGIES WITHMF/HF
any different amplitude and frequency, sinusoidal inpul an ISOLATION FORGRID INTERCONNECTIONSYSTEMS
output current waveforms, as well as operation with unity + is well known that the most of the present Chilean
displacement power factor and regenerative capability a§gchitecture network is only in one direction: the eledtyids
all possible. One of the challenges of MCs used to be th@nerated from the power stations and transmitted to thes use
commutation of current between the bidirectional switcheﬁ]rough high voltage transmission systems. Recent iivitiat
but this issue has been solved with multi-step commutatigfi the Chilean government and recent research have focussed
techniques [31]. Due to these characteristics, in receatsyeon “providing a more flexible and modular power electronics
MCs have shown continuous and fast development relaggerface able to connect different kind of sources and oad
to the development of new topologies and control methodgcjuding medium voltage electrical networks, renewabie e
including industrial applications with standard units fagh ergy sources, and energy storage systems”, such as the one
and medium voltage using cascade connections [32], [33]. jjystrated in Fig. 2 which requires a flexible power manage-
The main goal of this paper is to contribute to the energyent control in order “to ensure proper and secure operation
development of the country by proposing and studying negf the networks” and bidirectional power flow [54].

configuration of power converters based on multiport madula some requirements for the future electricity network are:
power converter structures. . Galvanic Isolation

« Multi-directional power flow capability.
Il. THE USE OFMATRIX CONVERTERS FORGRID « Flexibility and scalability.
INTERCONNECTIONSYSTEMS « Easy maintenance and low cost.

. . Compact power conversion and low weight.
Different modulation and control methods for MCs can be P P 9

found in the literature [34]-[37]. These methods have dfife » High efficiency and rel|ab_|l|t.y. . -
implementations and different levels of complexity, but al The general structure fo_r grid Interconnection §h0wn in Fig
have dynamic behavior which is acceptable in a variety grean be formed by two different conflguratlons._ ) )
applications. As reviewed in [38], the most used techniques 1) Two AC/DC stages and a DC/DC stage with isolation
Venturini, carrier-based pulse width modulation (PWM)asg medium or high frequency (MF/HF) transformers. In this
vector modulation (SVM) and direct torque control (DTC) __ Case single phase H-bridge converters are used (Fig. 3).
[38]-[43]. Other methods that have been applied to MCs in 2) Two_AC/AC stages with |solat_|on MF/HF transformers._
specific applications are fuzzy control, neural networkd an In this case single phase matrix converters are used (Fig.
genetic algorithms [44]—[46]. Predictive control has shaw
be a very interesting alternative for control MCs because th Both configurations use the advantages of multimodular
use of the discrete nature of power converters and its siitypli Structures based on single phase power converters (shown in
for implementation and intuitive approach [36], [37], [47] Fig- 5) in a cascade connection to provide a more flexible and
Matrix converters have emerged as a flexible and efficiefodular power electronic interface to connect differemtety
alternative to manage energy in specific applications ssch @ microgrids and generation systems including medium-volt
military, aerospace, wind generation systems among othe¥g€ electrical networks, renewable energy sources andyener
However, they have not been deeply studied in applications £torage systems. Some characteristics of both archiesctue:
grid interconnection of microgrids, generation system#/an ¢ Both configurations are modular structures, allowing easy
loads. The work done in [48] has considered a modified matrix replacement of the cells in case of failure.
converter topology for grid integration of two AC sources to « Both configurations have the same number of semi-

the utility, demonstrating that “this converter is verytabie conductor devices. In each cell of the first architecture
to integrate two AC type power sources into the utility grid”  there are four H-bridges, which implies 16 semiconductor
[49], [50]. devices. In the second configuration, there are two single

In order to use the matrix converter in high power ap- phase matrix converters, which have also 16 semiconduc-
plications, new multilevel topologies have appear in the& la tor devices.
years. These new configurations allow “high power quality, « Both configuration schemes are able to operate with
high-voltage capability, low switching losses and low EMI ~ multi-directional power flow.
issues” [51]. In [52], a multimodular matrix converter for  Differentfrom the first configuration structure, the second
wind power generation applications is proposed. The same alternative topology does not include energy storage
idea has been presented in [33] and [53] for other applicatio  €lements, reducing the weight and size.
such as blowers, pumps, extruders, mixers, kilns, etc.ravhe e Because the second configuration architecture does not
the basic block of the modular matrix converter is a three- include energy storage elements, there is no need for DC-
input one-output module with six bidirectional switcheis link controllers and the potential for failure is reduced.
structure allows the use of low voltage power semicondsgtor Recent investigations have been focused in to propose
with low switching frequency and also the generation chicrogrid clusters and generation systems based on dif-
high-quality output waveforms. The common modulation arférent power converter configurations when used for non-
control strategies developed for these topologies are PWiM aconventional renewable energies. Such configurations must
SVM techniques. ensure an optimal active and reactive power flow control
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Fig. 5. Basic topologies: a) H-bridge; b) single phase matdnverter.

and flexibility to be adapted to different load/users/grath€ A. Modulation of single phase AC/MF/AC

ditions such as parameter variations, load changes, wltag ) _ o
imbalances, harmonic content, resonances and othersdén or A Dual-CBM configuration for AC/MF/AC  solution is
to achieve all these requirements, different modulatiod ag"own in Fig. 7. In Dual-CBM, a low frequency input voltage
control strategies have been proposed in the literatureorigm 1S modulated to a medium/high frequency voltage waveform
them, pulse width modulation (PWM), space vector mod@nd then |t_ is Qemodulated to low frequency output voltage
lation (SVM), fuzzy control, predictive control and othersdS Shown in Fig. 8. The shown solution works well when
are currently the most popular [55], [56]. But, despite thdémanded frequency is equal to input frequency i.e. fi=fo
several advances in new technologies and control strategi@d is @ good alternative in this case for grid interconpecti
for microgrids and generation systems when working in stan@PPlications. Due to the single phase nature of the solution
alone mode or grid interconnected, there is still need foeho 0utput voltage frequency is limited to only integral mulkip
improvements to make them more reliable, smart, cooperatRf the input voltage frequency. For instance, with an input

and an open system to the inclusion of new generation syste@itage at 60Hz, it is only possible to generate 30Hz, 20Hz,
15Hz and so on. This constraint can be formulated as:
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Some countries are utilizing 60Hz while others are utiligin
50Hz as grid frequency and the interconnection of said grids
via Dual-CBM is not feasible as 50 is not an integral multiple
of 60, therefore violating the constraint. This can be \atkdl
Fig. 9, when 50Hz output is generated from a 60Hz input. |
Furthermore, it is important for the converter in MMPC to be 300
fully able to generate any frequency at the output.
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B. New AC/MF/AC topology for grid interconnection systems

Now, it is clear that the single phase solution has some S 0 003" "0 005 e T T
drawbacks as: Time (s)
« Its failure in the applications interconnecting two system_. ,
. . . . Fcl]g. 8. \oltages in the dual CBM
at different frequencies e.g. interconnection of 60Hz an

50Hz grid.

{5&{5 {EF -
o} o} o}

Output Voltage Up at 50 Hz |
~0_ |

Voltage (V)
[=)

VORI
=2V
S S

w
=3
S

— Input Voltage Uj at 60 Hz

]
=3
S

=3
=)

Voltage (V)
(=1

vd 1L vTE ‘{ WTN v, 200 ‘ s
L | \ 100 I‘
(1] |

Voltage (V)
(=1

'
IS
S

G | o | i
2200 | i} | |

[: } [: } E } -300 r T T T T T T T !

iy iy iy iy 0.0 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020

Time (s)
Input Output
cycloconverter cycloconverter ; ; )
based module based module Fig. 9. Voltages in the dual CBM whefy, < f;
(ICBM) (OCBM)

Fig. 7. Dual-CBM configuration



L

|

Input Voltage A — Input Voltage B | 300

<o —[_ppuf Voltage C_——Input Current A | a
2150 Yy il 1s0 g
& @
g o0 08
2150 150 >
300 |-300

(V) 3uomn)

1.00
Time (s)

1.05

Fig. 12. Systems behavior for a changing input

Phase A

OF

Phase B

Phase C

To Neutral ——

To phase A

— To phase B

— To phase C

‘ — To Neutral

7
:
JII{E
e
f
:

i

N Ld bt
Eigivllo. A new 3-phase to 1-phase isolated AC/AC topologpgitiiree Dual :
S
To phase A To phase B To phase C o Neutral
Fig. 13. A new 3-phase to 3-phase isolated AC/AC topology
—— Input Voltage A Tnput Voltage A Tnput Voltage B
o 01 T tnput Voliage s | 300 o wr—— i ot A Concn s, 3
Z 150 ~ . - H“‘H' Input Voltage C | 150 5 % e = - 1150 &
S 0 'JI?“I\ DAt s £ sl | L L e '.i-lsgﬂ
-~ " # - > . - - 5 ; K
= 150 Phe ~ -150 —~ 0 . 300
§ TR F e - i —— > S 3007 — — — £ Transfotmcr VollagcA'
-300 - -300 ~ g 10 1 | r
§ 3007 T o il Transfonnchc_):lt:ag.c.A_ % 7158; R ‘ (25 ‘,
< 1501 T - = i"l Z 300
&D 0 /- V\ L { I i .- L-'\’ I | g ?gg Common Mode Volljagc'U.cm:
= Tl e o 0 bl 1)
S -150 Ui UL 2 s TR
-300 —— = 300 - !
:E 100 Transformer CurrentA S 300 !
- i & > I -
o 1501 % W |
g ¥ H "lilll J £ o IEkY
o 0™y T S -1501 | Ui
2 1 [TV . S UULY
3 -0 1 ) | »w I Li line Vol v,
© -100 { I~ — —Line to mc oltage ab
< TR
300 Output Voltage | 300 (~ Y i |]| ﬂ\lh I r||.|l
> 150 dnfiinnme If H r‘. [ Output Current | 0 g 2 il
< ] IMan. a0 i € il
PR et T e :
%D 0 | |||{|‘ - [ [T e il i | ‘II"'“ | 0= > 300 .'i"__ ] -I -(};ﬁ;tl%\‘}reruelr:?l Vilgﬁlepm(%ytmemB Oulp,ulCurrenl C| 0
v il e so = 5 Lot ! g
-300 + . 300 Zas0 e
1.950 1.955 1.960 1.965 1.970 1.975 300 - - : - .
Time (S) 1.940 1.945 1.950 1.955 1.960 1.965 1.970
Time (s)

Fig. 11. Systems behavior for an input of 50 Hz and a outputOoH4

Fig. 14. Voltages and currents in the three-phase to thhesgs intercon-

nection proposal.



« It is not a viable solution for the applications requiring3] Patterson, M.; Macia, N.F.; Kannan, A.M., Hybrid Micmig Model
frequency regulation e.g. v/f control of drives. Based on Solar Photovoltaic Battery Fuel Cell System foermtttent
) Load Applications, Energy Conversion, |IEEE Transactions, &ol.30,

The reasons of mentioned drawbacks are that converter hasno.1, pp.359,366, March 2015. doi: 10.1109/TEC.2014.3382

single phase input i.e. output is limited to single phaseiinpl4] Elrayyah, A.; Sozer, Y.; Elbuluk, M., Microgrid-Connted PV-Based

. . . . TR Sources: A Novel Autonomous Control Method for Maintainikgax-
in terms of selection. A possible solution for this limitati imum Power, Industry Applications Magazine, IEEE , vol.210.2,

consist of increasing the input options of the converter i.e pp.19,29, March-April 2015. doi: 10.1109/MIAS.2014.2823

utilizing the concept of matrix converters. The topology cal5] Peng Li; Xiaomeng Yu; Jing Zhang; Ziheng Yin, Th&lc Con-

g . trol Method of Grid-Tied Photovoltaic Generation, Smart idar
be modified to Fig. 10 therefore, utilizing three-phase tnpu |cee Transactions on . vol.6, no., pp.1670,1677, July 2015

in a way to have three input options at any time and at the doi: 10.1109/TSG.2015.2409371
same time also providing modularity, galvanic isolatioir, b[6] Guan, Y., Vasquez, J.C.; Guerrero, J.M.; Wang, Y.; Fewg, Fre-

. . o . . quency Stability of Hierarchically Controlled Hybrid Plbwebltaic-
directional power capablllty etc. With the new topology (@.F Battery-Hydropower Microgrids, Industry ApplicationsdEEE Transac-

10, it is possible to generate, at the output, the non-iategr tions on , vol.PP, n0.99, pp.1,1. doi: 10.1109/TIA.20158954.

multiples of the input i.e. 40Hz output voltage is generatdd Kim, Jaewoo; Kim, Dongmin; Baek, Seung-Mook; Lee, Soooyg;

. . . Park, Jung-Wook, A survey on operation of wind turbine getws in
from 50Hz Input VOltage as shown in Fig. 11. Not only that but stand-alone microgrid, Power Electronics and ECCE Asi®@BECCE

the new topology also provides excellent output grid fremye Asia), 2015 9th International Conference on , vol., no.3@@,384, 1-5
regulation even when validated with an exaggerated variati _ June 2015. doi: 10.1109/ICPE.2015.7167814.

LS . . _ ] Kai-Wei Hu; Chang-Ming Liaw, Development of a Wind Inter
in input grid frequency i.e. 50Hz to 86Hz at t=1s as ShOWIﬁ Permanent-Magnet Synchronous Generator-Based Micragudlts Op-

in Fig. 12. Eventually, a three phase to single phase AC/AC eration Control, Power Electronics, IEEE Transactions wal.30, no.9,
isolated converter system can be extended to three phase tdP-4973,4985, Sept. 2015. doi: 10.1109/TPEL.2014.238056

. . s Alalwan, S.H.; Kimball, J.W., Optimal Sizing of a Windé&r/Battery
three phase system as shown in Fig. 13. It is important é Hybrid Microgrid System Using the Forever Power Method, éBre

mention that the input and output voltage and currents of Technologies Conference (GreenTech), 2015 Seventh ANEEA , vol.,
the three phase to three phase topology, shown in Fig. 14, no., pp.29,35, 15-17 April 2015. doi: 10.1109/GREENTEQM221.

P . . . O'] Bhim Singh; Bhalla, K.K., Reduced converter topologer fin-
are similar to that of classical matrix converters. This neld tegrated wind and small-hydro energy generation systermeie

converter topology can be a step forward, considering the able Power Generation, IET , vol9, no.5, pp.520,529, 7 2015
utilizing of bi-directional switch based converters, iretgrid [11]dﬂ“ 10-,1043/?459&201;323&. hud. MA: Ald VI et C

. : e ossain, M.J.; Pota, H.R.; Mahmud, M.A.; Aldeen, M., st Con-
Interconnection appllcatlons. trol for Power Sharing in Microgrids With Low-Inertia Windnd PV
Generators, Sustainable Energy, IEEE Transactions on .6,vab.3,

pp.1067,1077, July 2015. doi: 10.1109/TSTE.2014.2317801

IV. CONCLUSIONS [12] Sheng-yen Lu; Li Wang; Te-Ming Lo; Prokhorov, A.V., agration of
The growing technological development has increased the Wind Power and Wave Power Generation Systems Using a DC Wficio

. . Industry Applications, IEEE Transactions on, vol.51, n@g.2753,2761,
demand of more available energy. It is necessary a safe andJuly_Aug. 2015, doi- 10.1109/TIA 2014 2367102,

efficient energy development, with reasonable prices,ttia [13] Dinushi, H.M.N.; Kariapper, M.H.M.S.; Porawagamag®,D.; Rath-

advantage of the renewable resources in a sustainable and no nayaka, PK.H.; Srimal, U.P.; Hemapala, K.T.M.U., Definimgulti
lluting way. There are several power converter topotge agent system for a reliable micro-grid, Moratuwa EnginggrResearch
po g Y. p p Conference (MERCon), 2015 , vol., no., pp.94,99, 7-8 Apdl2.

micro-grid applications. doi: 10.1109/MERC0N.2015.7112327.

Potential of isolated AC/AC direct converter topologies hd14] Setel, A; Gordan, M.; Antal, C.; Bococi, D., Use of geefmal energy
been discussed. ldentification of problem in a single cell i to produce electricity at average temperatures, Engigeni Modern
: p g : Electric Systems (EMES), 2015 13th International Confeeean , vol.,

in a single phase to single phase topology. Modification of no., pp.1,4, 11-12 June 2015. doi: 10.1109/EMES.2015 3458
the topology comes at the cost of an increased number[Hfl Mayer, M.J.; Nyerges, V.; Schroth, A., Investigatiohgeothermal power

e . . . Lo generation on abandoned hydrocarbon wells, Energy (IYQE)L5 5th
switching devices while keeping modularity intact as wall a [ ;.crnational Youth Conference on ,vol.,, no., pp.1,7, B7\Bay 2015.

bi-directional power flow. This new AC/AC isolated topology  doi: 10.1109/IYCE.2015.7180820.
will have a wider range of applications e.g. grid applicatip [16] Chung-Chuan Hou; Yung-Fu Huang, Diode Recifier Withxikary
AC drives etc _Converter for Hyb(ld AC/DC Microgrids, Emerging and SeéttTopics
: in Power Electronics, IEEE Journal of , vol.2, no.4, pp.10889, Dec.
2014. doi: 10.1109/JESTPE.2014.2331958.
[17] Norniella, J.G.; Cano, J.M.; Orcajo, G.A.; Rojas, C.HPedrayes,
ACKNOWLEDGMENTS J.F.; Cabanas, M.F.; Melero, M.G., Coupling Inductor Fdbétection

This publication was made possible by the FONDE- and Estimation in Three-Phase Adjustable-Speed Drives \Wirect

. . . Power Control-Based Active Front-End Rectifiers, IndastElectronics,
CYT Regular 1160690 and Newton Picarte Project EPSRC: \cgg Transactions on . vol.62, no.3, pp.1955,1963, March520

EP/N004043/1: New Configurations of Power Converters for doi: 10.1109/TIE.2014.2334651.

Grid Interconnection Systems / CONICYT DPI20140007. [18] Nourollah, S.; Pirayesh, A., Restoration of frequen@sponse in
inverter-based micro-grids using a novel controlstrate@ectrical

Engineering (ICEE), 2015 23rd lIranian Conference on , vab,,

REFERENCIAS pp.1452,1456, 10-14 May 2015. doi: 10.1109/IranianCEES2N146449.

[19] Kim, G.H.; Hwang, C.; Jeon, J.H.; Byeon, G.S.; Ahn, J.Bo, C.H.,

[1] L. I. Dulau. Economic analysis of a microgrid, Fundansatof Electri- Characteristic analysis of three-phase four-leg invebased load un-
cal Engineering (ISFEE), 2014 International Symposium Bucharest, balance compensator for stand-alone microgrid, Powertriéleics and
2014, pp. 1-4. doi: 10.1109/ISFEE.2014.7050554 ECCE Asia (ICPE-ECCE Asia), 2015 9th International Confegson ,

[2] Hongtao Shi; Fang Zhuo; Hao Yi; Feng Wang; Dong Zhang; vol., no., pp.1491,1496, 1-5 June 2015. doi: 10.1109/IQPE5.7167976.
Zhiging Geng, A Novel Real-Time Voltage and Frequency Camspe [20] Garcia-Torres, F.; Bordons, C.; Vazquez, S., \Voltagedjetive control
tion Strategy for Photovoltaic-Based Microgrid, IndustrElectronics, for microgrids in islanded mode based on Fourier transfdmduystrial
IEEE Transactions on , vol.62, no.6, pp.3545,3556, June5.201  Technology (ICIT), 2015 IEEE International Conference owvol., no.,
doi: 10.1109/TIE.2014.2371434. pp.2358,2363, 17-19 March 2015. doi: 10.1109/ICIT.20185446.


http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6960879&isnumber=7104192
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6902797&isnumber=7042861
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6994446&isnumber=7035217
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7061500&isnumber=7128463
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7163558&isnumber=4957013
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7167814&isnumber=7167754
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6911971&isnumber=7086399
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7150226&isnumber=7150207
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7127185&isnumber=7127117
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6814898&isnumber=7127072
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6948259&isnumber=7159116
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7112327&isnumber=7112293
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7158398&isnumber=7158383
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7180820&isnumber=7180726
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6840307&isnumber=6936952
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6849452&isnumber=7035183
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7146449&isnumber=7146167
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7167976&isnumber=7167754
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7125446&isnumber=7125066

[21] Vechiu, |.; Etxeberria, A.; Camblong, H.; Vinassa,M.- Three-level
Neutral Point Clamped Inverter Interface for flow battempisrcapacitor
Energy Storage System used for microgrids, Innovative Sraid
Technologies (ISGT Europe), 2011 2nd IEEE PES Internati@mn-
ference and Exhibition on , vol.,, no.,
doi: 10.1109/ISGTEurope.2011.6162707.

[22] Rojas-Lobos, F.; Kennel, R.; Cardenas-Dobson, R.S3M algorithm
and capacitor voltage balancing in a 4-leg NPC converterabipg under
unbalanced and non-linear loads, Power Electronics andig®ppns
(EPE), 2013 15th European Conference on , vol., no., pp.28Sept.
2013. doi: 10.1109/EPE.2013.6634684.

[23] Acuna, P.; Moran, L.; Rivera, M.; Aguilera, R.; BurgdR,; Agelidis,
V.G., A Single-Objective Predictive Control Method for a Mariable
Single-Phase Three-Level NPC Converter-Based Active Pdvileer,
Industrial Electronics, IEEE Transactions on , vol.62,7npp.4598,4607,
July 2015. doi: 10.1109/TIE.2015.2393556.

[24] Wang, L.; Zhang, D.; Wang, Y.; Wu, B.; Athab, H., Powerdan
\oltage Balance Control of a Novel Three-phase Solid StaémSformer
Using Multilevel Cascaded H-Bridge Inverters for MicrafjrApplica-
tions, Power Electronics, IEEE Transactions on , vol.PP%opp.1,1.
doi: 10.1109/TPEL.2015.2450756.

[25] Wang, Zhaohui; Zhang, Junming; Sheng, Kuang, Modulaititavel
power electronic transformer, Power Electronics and ECGE& ACPE-
ECCE Asia), 2015 9th International Conference on , vol., pp.315,321,
1-5 June 2015. doi: 10.1109/ICPE.2015.7167803.

[26] Biao Zhao; Qiang Song; Wenhua Liu, A Practical Solutiarf
High-Frequency-Link Bidirectional Solid-State Transfar Based on
Advanced Components in Hybrid Microgrid, Industrial Etectics,
IEEE Transactions on , vol.62,
doi: 10.1109/TIE.2014.2350459.

[27] Nakanishi, T.; Orikawa, K.; ltoh, J.-l., Modular Mukvel Con-
verter for wind power generation system connected to nucit-

Renewable Energy Research and Application (ICRERA), 2044 |

ternational Conference on , vol.,, no., pp.653,658, 19-22. Q014.
doi: 10.1109/ICRERA.2014.7016466.

[28] Xiong Liu; Poh Chiang Loh; Blaabjerg, F.; Peng Wang, daharing us-
ing droop control for parallel operation of matrix convestas distributed
generator interfaces in isolated mode, Energy Conversiomgfess and
Exposition (ECCE), 2012 IEEE , vol., no., pp.962,968, 1552pt. 2012.
doi: 10.1109/ECCE.2012.6342715.

[29] Planas, E.; Ibarra, E.; Ormaetxea, E.; Andreu, J.; @abl., Implemen-
tation of an electrical micro-grid through matrix convesteonnected in
parallel, Power Electronics and Motion Control Confere(teBE/PEMC),
2010 14th International , vol., no., pp.T3-137,T3-142, &&pt. 2010.
doi: 10.1109/EPEPEMC.2010.5606633.

[30] Empringham, L.; Kolar, J.W.; Rodriguez, J.; WheelekVP Clare, J.C.,
Technological Issues and Industrial Application of Mat@onverters:
A Review, Industrial Electronics, IEEE Transactions on I.6@, no.10,
pp.4260,4271, Oct. 2013. doi: 10.1109/TIE.2012.2216231.

[31] Yu Guo; Yougui Guo; Wenlang Deng; Jianlin Zhu; Blaabjerr.,
An improved 4-step commutation method application for imaton-
verter, Electrical Machines and Systems (ICEMS), 2014 1irter-
national Conference on , vol.,, no., pp.3590,3593, 22-25. Q6tL4.
doi: 10.1109/ICEMS.2014.7014112.

[32] Jiacheng Wang; Bin Wu; Zargari, N.R., High-power mualtodular
matrix converters with sinusoidal input/output waveformedustrial
Electronics, 2009. IECON '09. 35th Annual Conference of EEEvol.,
no., pp.542,547, 3-5 Nov. 2009. doi: 10.1109/IECON.20094979.

[33] Jiacheng Wang; Bin Wu; Dewei Xu; Zargari, N.R., Indiré8pace-
Vector-Based Modulation Techniques for High-Power Mutighlar Ma-
trix Converters, Industrial Electronics, IEEE Transagtioon , vol.60,
no.8, pp.3060,3071, Aug. 2013. doi: 10.1109/TIE.20120245.

[34] Mondal, S.; Kastha, D., Improved Direct Torque and RigacPower
Control of a Matrix Converter Fed Grid Connected Doubly Feduiction
Generator, Industrial Electronics, IEEE Transactions eol,PP, no.99,
pp.1,1. doi: 10.1109/TIE.2015.2459056.

[35] Formentini, A.; Trentin, A.; Marchesoni, M.; ZanchettP.; Wheeler, P.,
Speed Finite Control Set Model Predictive Control of a PMS&tl oy
Matrix Converter, Industrial Electronics, IEEE Transans on , vol.PP,
no.99, pp.1,1. doi: 10.1109/TIE.2015.2442526.

[36] Rivera, M.; Rojas, C.; Wilson, A.; Rodriguez, J.; Espma, J.; Baier,
C.; Muoz, J., Review of predictive control methods to imprdke input
current of an indirect matrix converter, Power ElectronidsT , vol.7,
no.4, pp.886,894, April 2014. doi: 10.1049/iet-pel.2Q@B27 .

[37] Elizondo, J.L.; Olloqui, A.; Rivera, M.; Macias, M.EProbst, O.;
Micheloud, O.M.; Rodriguez, J., Model-Based PredictivetdRoCur-

rent Control for Grid Synchronization of a DFIG Driven by an

pp.1,6, 5-7 Dec. 2011.

no.7, pp.4587,4597, July 5201

Indirect Matrix Converter, Emerging and Selected Topics Fawer
Electronics, |IEEE Journal of , vol.2, no.4, pp.715,726, .D2614.
doi: 10.1109/JESTPE.2014.2349952.

[38] Rodriguez, J.; Rivera, M.; Kolar, J.W.; Wheeler, P.VA, Review

of Control and Modulation Methods for Matrix Convertersdustrial

Electronics, IEEE Transactions on , vol.59, no.1, pp.58,Jdh. 2012.

doi: 10.1109/TIE.2011.2165310.

[39] Gruson, F.; Le Moigne, P.; Delarue, P.; Videt, A.; Cimet, X,;
Arpilliere, M., A Simple Carrier-Based Modulation for the/Bl of the
Matrix Converter, Industrial Informatics, IEEE Transacs on , vol.9,
no.2, pp.947,956, May 2013. doi: 10.1109/T11.2012.222435

[40] Dabour, S.M.; Allam, S.M.; Rashad, E.M., A simple CB-RWtech-
nique for five-phase matrix converters including over-mation mode,
GCC Conference and Exhibition (GCCCE), 2015 IEEE 8th , vadb.,
pp.1,6, 1-4 Feb. 2015. doi: 10.1109/IEEEGCC.2015.7060058

[41] Keping You; Dan Xiao; Rahman, M.F.; Uddin, M.N., Apphg Re-
duced General Direct Space Vector Modulation Approach ofAGC
Matrix Converter Theory to Achieve Direct Power Factor Con-
trolled Three-Phase ACDC Matrix Rectifier, Industry Applions,
IEEE Transactions on , vol.50, no.3, pp.2243,2257, MayeJanl4.
doi: 10.1109/TIA.2013.2285956.

[42] Inoue, K.; Shioda, M.; Katade, M.; Goto, A.; Morishit&,; Itoh, J.;
Koiwa, K., Space vector modulation based on virtual inditgntrol for
high frequency AC-linked matrix converter, Power ElectesnConfer-
ence (IPEC-Hiroshima 2014 - ECCE-ASIA), 2014 Internatlonaol.,
no., pp.130,137, 18-21 May 2014. doi: 10.1109/IPEC.2(BBP670.

[43] Sebtahmadi, S.S.; Pirasteh, H.; Kaboli, S.H.A.; Radan Mekhilef,
S., A 12-Sector Space Vector Switching Scheme for Perfocman
Improvement of Matrix-Converter-Based DTC of IM Drive, Paw
Electronics, |IEEE Transactions on , vol.30, no.7, pp.388%47, July
2015. doi: 10.1109/TPEL.2014.2347457.

[44] Khodamoradi, A.; Kargar, H.K.; Nateghi, A., Fuzzy lagi
control of matrix-converter-based WECS in order to perfance
improvement, Electrical Engineering (ICEE), 2014 22nd niaa
Conference on , vol, no., pp.713,718, 20-22 May 2014.
doi: 10.1109/IranianCEE.2014.6999631.

[45] Venugopal, C., ANFIS based Field Oriented Control foathik Con-
verter fed Induction Motor, Power and Energy (PECon), 20EEH
International Conference on , vol., no., pp.74,78, Nov. PA@Dec. 1
2010. doi: 10.1109/PECON.2010.5697560.

[46] Niassati, N.; Bagher, M.; Sadati, A.M.; Hajihosseinhi; Afjei, E., Im-
provement of output voltage and input current for a matrisvester using
genetic algorithm, Cyber Technology in Automation, Cohtemd Intel-
ligent Systems (CYBER), 2012 IEEE International Confegena , vol.,
no., pp.238,242, 27-31 May 2012. doi: 10.1109/CYBER.26322560.

[47] Lopez, M.; Rodriguez, J.; Silva, C.; Rivera, M., Prdiie Torque
Control of a Multidrive System Fed by a Dual Indirect Matrioi@erter,
Industrial Electronics, IEEE Transactions on , vol.625npp.2731,2741,
May 2015. doi: 10.1109/TIE.2014.2364986.

[48] Xiong Liu; Peng Wang; Poh Chiang Loh; Blaabjerg, F., Ar@&-Phase
Dual-Input Matrix Converter for Grid Integration of Two AG/fe Energy
Resources, Industrial Electronics, IEEE Transactions w@nol.60, no.1,
pp.20,30, Jan. 2013. doi: 10.1109/TIE.2012.2183838.

[49] Chithirai Selvan, K.; Arunsaiikar, G., Grid integrati of hybrid renew-
able energy system using versatile matrix converter, Emgrgrends In
New and Renewable Energy Sources And Energy Management {NCE
NRES EM), 2014 IEEE National Conference On , vol., no., pp,158,
16-17 Dec. 2014. doi: 10.1109/NCETNRESEM.2014.7088758.

[50] Kandasamy, V.; Manoj, R., Grid integration of AC and DQ-e
ergy resources using multi-input nine switch matrix cotemrGreen
Computing Communication and Electrical Engineering (IGIEE),
2014 International Conference on , vol., no., pp.1,4, 6-&d4a2014.
doi: 10.1109/ICGCCEE.2014.6922378.

[51] Xu Lie; Clare, J.C.; Wheeler, P.W.; Empringham, L.; Longdong, Ca-
pacitor Clamped Multilevel Matrix Converter Space Vectooddlation,
Industrial Electronics, IEEE Transactions on , vol.59,1nqp.105,115,
Jan. 2012. doi: 10.1109/TIE.2011.2146218.

[52] Diaz, M.; Cardenas, R.; Mauricio Espinoza, B.; Mora, Rojas, F.,
A novel LVRT control strategy for Modular Multilevel MatrixCon-
verter based high-power Wind Energy Conversion Systems|oBical
Vehicles and Renewable Energies (EVER), 2015 Tenth Intiems
Conference on , vol., no., pp.1,11, March 31 2015-April 2 201
doi: 10.1109/EVER.2015.7113026.

[53] Huang, Lang; Yang, Xu; Zhang, Bin; Qiao, Liang; Li, Hagang;
Tian, Mofan, Hierarchical model predictive control of mdglumultilevel
matrix converter for low frequency AC transmission, PowégcEonics


http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6162707&isnumber=6162607
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6634684&isnumber=6631728
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7015570&isnumber=7109198
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7145464&isnumber=4359240
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7167803&isnumber=7167754
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6882197&isnumber=7109198
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7016466&isnumber=7016393
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6342715&isnumber=6342155
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5606633&isnumber=5606503
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6290364&isnumber=6516975
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7014112&isnumber=7012992
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5414979&isnumber=5414636
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6202697&isnumber=6497104
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7163584&isnumber=4387790
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7119605&isnumber=4387790
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6786857&isnumber=6783525
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6880781&isnumber=6936952
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5986703&isnumber=6032192
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6329951&isnumber=6409420
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7060058&isnumber=7060002
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6634279&isnumber=6816009
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6869570&isnumber=6869559
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6881737&isnumber=7042240
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6999631&isnumber=6999486
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5697560&isnumber=5697536
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6392560&isnumber=6350542
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6936342&isnumber=7080969
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6129408&isnumber=6296744
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7088758&isnumber=7088727
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6922378&isnumber=6920919
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5754578&isnumber=6032192
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7113026&isnumber=7112913

and ECCE Asia (ICPE-ECCE Asia), 2015 9th International €oerice on
, vol., no., pp.927,933, 1-5 June 2015. doi: 10.1109/ICBE527167892.

[54] Bifaretti, S.; Zanchetta, P.; Watson, A.; Tarisciptti.; Clare, J.C.,
Advanced Power Electronic Conversion and Control SysterJfaversal
and Flexible Power Management, Smart Grid, IEEE Transastion ,
vol.2, no.2, pp.231,243, June 2011. doi: 10.1109/TSG.2016260.

[55] Valencia, F.; Saez, D.; Collado, J.; Avila, F.; Marquéz; Espinosa, J.J.,
Robust Energy Management System Based on Interval Fuzzyelsiod
Control Systems Technology, IEEE Transactions on , volfiP99,
pp.1,1. doi: 10.1109/TCST.2015.2421334.

[56] Tedesco, F.; Mariam, L.; Basu, M.; Casavola, A.; Conlgh, Economic
Model Predictive Control based Strategies for Cost-dffecBupervision
of Community Microgrids Considering Battery Lifetime, Ergang and
Selected Topics in Power Electronics, |IEEE Journal of ,RBl.n0.99,
pp.1,1. doi: 10.1109/JESTPE.2015.2446894.

Marco Rivera (S'09-M’11) was born in Talca,

Alessandro Costabebe(S09M13) received the De-
gree with honours in Electronic Engineering from
the University of Padova, Padova, Italy, in 2008 and
the Ph.D. in Information Engineering from the same
university in 2012, on energy efficient architectures
and control techniques for the development of future
residential microgrids. In the same year he started a
two-year research fellowship with the same univer-
sity. In 2014 he joined the PEMC group, Department
of Electrical and Electronic Engineering, University
of Nottingham, Nottingham, UK as Lecturer in
Power Electronics. His current research interests inclH#®C converters
topologies, high power density converters for aerospapdicagpions, control
solutions and stability analysis of AC and DC microgrids,ntcol and
modelling of power converters, power electronics and @brfor distributed
and renewable energy sources. Dr. Costabeber receive&te Joseph John
Suozzi INTELEC Fellowship Award in Power Electronics in 201

Chile, in 1982. He received the B.Sc. degree in
electronics engineering and the M.Sc. degree in
electrical engineering from the Universidad de Con-
cepcin, Concepcin, Chile, in 2007 and 2008, respec-
tively, and the Ph.D. degree from the Department
of Electronics Engineering, Universidad Tcnica Fed-
erico Santa Mara, Valparaso, Chile, in 2011. Since
2013 is with the Energy Conversion and Power
Electronics Research Group at the Universidad de
Talca. He is currently an Associate Professor with

the Department of Electrical Engineering at the Univerdida Talca, Curico,
Chile. His main research areas are digital control applegoiver electronics,
matrix converters, predictive control and control of powmmverters for
renewable energy applications. Prof. Rivera was recipignthe Best PhD
Thesis Award 2012, award given by the Chilean Academy of rigeiefor

PhD thesis developed in 2011 by national and foreign stedardany Exact or
Nature Sciences Program in Chile. In August 2015, Prof. ieiveas awarded
with the Outstanding Engineer 2015 Award of the Electri€etronics

Industry Association and the |IEEE-Chile Section and alsordeived the
Second Prize Paper Award in the 2015 IEEE Journal of EmemyidgSelected
Topics in Power Electronics.

Sergio Toledo (S'09-M'12) was born in Luque,
Paraguay in 1985. He received the Electronic Engi-
neer degree from Universidad Nacional de Asuncin,

student in the Department of Electrical Engineering

at the Universidad de Talca, Curic6, Chile.

Usman Nasir is currently associated with Power
Electronics and Machine Control (PEMC) group
at The University of Nottingham, UK as a PhD
student. He is a recipient of Dean of Engineering
Scholarship For International Research Excellence
for his PhD studies. He received B.Sc. degree in
electrical engineering from the National University
of Sciences and Technology (NUST), Pakistan and
M.Sc. degree from North China Electric Power
University, Beijing, China in 2013 and 2015, re-
spectively. His research interests include new matrix

Paraguay in 2011 and the M.Sc. degree from Centrc %
de Investigacin Cientfica y Educacin Superior de En- F’
senada, Mxico, in 2014. Since 2010 he is professoFLl“‘l'l

in the Engineering Faculty of Universidad Nacionaliesearch group. He is currently Head of the Department oftédal and

de Asuncin. His research interests include non lingjectronic Engineering at the University of Nottingham. id@n IEEE PELs
ear control systems, new converter topologies anfiember at Large and an IEEE PELSs Distinguished Lecturer. ddepublished
control of power converters. He is currently a Phdjng academic publications in leading international carfees and journals.

converter based topologies, novel commutation algorithmesv modulation
techniques and also Model Predictive Control (MPC) for powiectronic
converters.

Pat Wheeler received his BEng [Hons] degree in
1990 from the University of Bristol, UK. He received
his PhD degree in Electrical Engineering for his
work on Matrix Converters from the University of
Bristol, UK in 1994. In 1993 he moved to the
University of Nottingham and worked as a research
assistant in the Department of Electrical and Elec-
tronic Engineering. In 1996 he became a Lecturer in
the Power Electronics, Machines and Control Group
at the University of Nottingham, UK. Since January
2008 he has been a Full Professor in the same


http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7167892&isnumber=7167754
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5739137&isnumber=5772087
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7098372&isnumber=4389040
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7126917&isnumber=6507303

