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Abstract:

The integration of renewable energy systems into smart grids requires dc-to-ac power electronics converters
for adapting the voltage levels of both sides. In this context, a novel topology of front-end multilevel dc-to-ac
converter is proposed in order to enhance the integration of renewable energy systems into smart grids,
preventing power quality problems. The proposed converter is designed to operate as a grid-tied inverter,
imposing controlled sinusoidal grid currents in phase opposition with the power grid voltage, and establishing
five distinct voltage levels to improve the current waveform. The dc side is suitable to be connected directly
to a set of photovoltaic solar panels with an appropriated voltage level, or to an external dc-to-dc
intermediary converter used to interface other renewable energy sources. An entire analysis of the hardware
design and the operation principle is presented, including the adopted control strategy for the proposed
front-end converter in conditions of current control. An accurate computational validation under realistic
operating conditions for a significant operating power range is presented using a dedicated power electronics
simulation software, where the obtained results show the advantages and the convenience of the proposed
front-end converter in detriment of the classical solutions.
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1. Introduction

European Union has committed to reduce greenhouse gas emissions by 80% by 2050 and plans to
set intermediate targets for 2030 [1]. As a contribution to achieve such objective, an increasing
share of renewable energy systems is fundamental, even considering the discontinuous production
of energy from wind and solar [2][3]. The introduction of smart and flexible electrical loads,
monitored and remotely controlled by information and communication technologies, also represents
a challenge for this new paradigm of energy [4]. Combining all of these scenarios, results in a smart
power grid, where new challenges and opportunities for technological developments are emerging
[5][6]. As example, a vision and framework for smart transmission grids considering of
environmental, market, infrastructure, and innovative technologies challenges is presented in [7],
and an overview about key players and pilot projects for smart grids and smart homes is presented
in [8].

The emerging reality of smart grids promotes a set of advantages to the global energy management
at the distribution and transmission levels, as well as to the end-user, since it can operate as an
energy consumer or producer [5][9][10]. Increasingly, this new paradigm for the electrical sector
stimulates the energy microgeneration through the integration of renewable energy sources (RES)
and contributes to improve the energy efficiency in the transmission and distribution levels. The
future perspectives for RES is presented in [11], the RES operation and optimization in microgrids
is presented in [12], and the integration of RES in a smart grid scenario is presented in [13]. In this
context, the collaborative management with electric vehicles and energy storage systems (ESS) also
represents a new opportunity for RES integration into power grids [14][15][16]. Considering these
three strands, a demand-side energy management is proposed in [17], an optimization for economic
deployment is proposed in [18], an integrated management is proposed in [19], a multifunctional
converter interfacing RES and electric vehicles is proposed in [20], and a review about ESS for
mitigating the RES variability is presented in [21]. Nevertheless, the RES integration into the power
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grid requires the use of power electronics in order to convert the energy extracted from RES
according to the requirements of the power grid. A review about power electronics converters for
RES is presented in [22], RES with modularity in power electronics presented in [23], and a review
focusing converters for RES based on photovoltaic (PV) modules is presented in [24].

Along the last decades, as a result of advances in power electronics, including new technologies of
devices and digital control platforms, a large variety of solutions can be adopted to interface RES
with the power grid [25]. In this circumstance, two main approaches can be adopted: Single stage
dc-to-ac converter (front-end); Double stage consisting in a dc-to-dc converter (back-end) followed
by a dc-to-ac converter (front-end). In the scope of this paper, a novel topology of dc-to-ac
converter operating as a front-end converter is proposed. Since the voltage is imposed by the power
grid, the front-end converter controls the current in order to inject a sinusoidal current with
adjustable amplitude and in phase opposition with the power grid voltage [26]. This is more
relevant considering power quality issues in smart grids [27]. When the front-end converter is
operating as a grid-tied inverter (injecting energy into the power grid), the voltage established by
the converter affects directly the waveform of the current injected into the power grid. The classical
front-end converter to integrate RES into the power grid allows the establishment of three distinct
voltage levels and, with a passive filter, it is possible to control the injected current into the power
grid. Improving the voltage established by the front-end converter, for instance, by increasing the
number of voltage levels, results in a more accurate controlled current. Theoretically, the number of
voltage levels can be undefined, but the practical implementation and commercialization limits the
number of voltage to few levels. This limitation is imposed by the requirements in terms of
hardware components as power semiconductors, gate-drivers and sensors. Typically, the front-end
converters with capability to establish more than three voltage levels are classified as multilevel
converters (MLCs) [28]. The use of MLCs is especially relevant for applications with a dc-link
composed by a series of voltage sources, as, for instance, occurs with the interface of PV panels
[29]. A review and detailed comparison about the different MLC referenced in the literature is
presented in [30], and a more comprehensive review about the main single-phase and three-phase
MLC, including a discussion about power control theories and applications, is presented in [31].
Associating in series or parallel a set of MLCs results in a new family of converters identified as
modular or cascade MLCs. A review about the operation, control and applications of modular
MLCs for medium or high-power systems is presented in [32], a review of modular MLCs for
high-voltage dc transmission systems is presented in [33], and the control of a cascaded MLC for
PV systems is presented in [34].

In this context, this paper proposes a novel topology of front-end converter based on a five-level
MLC. Contextualizing the proposed topology in smart grids, the more relevant advantages are:
Reduced number of semiconductors in comparison with the state-of-the-art topologies of MLCs;
Improved efficiency in comparison with the state-of-the-art topologies of MLCs; Possibility to
operate in bidirectional mode, which is especially useful to interface ESS in the same dc-link;
Flexibility to accommodate the variations of energy production from RES; Controlled grid currents
and operation with high-levels of power quality. These advantages are established as a comparison
with the main state-of-the-art topologies and are contextualized with the presented references. A
new five-level topology is proposed in [35], however it requires two independent dc-links,
representing the main disadvantage for front-end MLCs used in RES interface. The same
disadvantage is presented in the cascade nine-level MLC proposed [36]. New structures of MLC are
proposed in [37], [38], and [39], but only for unidirectional systems, i.e., they cannot be used for
applications of RES (injecting energy into the power grid). A new five-level MLC is proposed in
[40], but it requires more capacitors and controlled semiconductors than the topology proposed in
this paper. A flexible five-level cascaded MLC is proposed in [41], and a five-level MLC based on
multistate switching cell is proposed in [42], but, in both cases, the high number of controlled
semiconductors is the main drawback compared with the proposed topology in this paper.
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A clarification about power electronics converters in smart grids is presented in section 2. The
proposed MLC is presented in section 3, illustrating its principle of operation and the proposed
control structure. The proposed MLC operating as interface of RES in smart grids considering an
analysis of power quality aspects is presented in section 4, and the main conclusions are discussed
in section 5.

UNIDIRECTIONAL AND BIDIRECTIONAL AC-DC POWER ELECTRONICS CONVERTERS IN SMART GRIDS
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Fig. 1. Application of power electronics converters for renewable energy systems (RES) and energy
storage systems (ESS) in smart grids.

2. Power Electronics Converters in Smart Grids

Fig. 1 shows the application of power electronics converters for RES and ESS in smart grids.
Concretely, this figure shows the application of unidirectional and bidirectional dc-to-ac power
electronics converters, illustrating their use as interface between RES (both from PV panels and
wind turbines) and ESS (from batteries) with the power grid. As it can be seen, dc-to-ac power
electronics converters are required for three fundamental levels of energy in smart grids: energy
distribution; industrial and services; residential. At the distribution level, large scale of RES and
ESS can be integrated with the power grid, where its controllability and quality of service is directly
performed and guaranteed by distribution system operators (DSOs) or even by transmission system
operators (TSOs) toward a demand response (DR) control. At the industrial level, RES can be
integrated in order to reduce the energy consumption from the power grid and to minimize energy
costs, where the DSO can play a management role in smart grids. At the residential level, RES and
ESS can be integrated in small-scale with the purpose of minimizing the energy costs of the final
energy user, as well as of contributing to define management strategies for DR, allowing to
establish a distributed scenario of RES. Taking into account the aforementioned three energy levels,
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and aiming a smart grid operation with a DR management by a DSO, the power electronics
converters identified in Fig. 1 should be equipped with a communication interface to establish a
bidirectional communication with a cloud-based service. This communication interface can be used
to define the status of the converter (controlled as an on-off electrical appliance), to report power
quality problems and to define set-points of operation, as well as to communicate the values about
energy transactions.

Unidirectional converters are used when the energy follows from an energy source to the power
grid, where the integration of RES is the main application for such converters. In this case, the
voltage and current levels in the dc-side are adjusted in order to inject a sinusoidal current in phase
opposition with the power grid voltage, guarantying a high-level of power quality. Depending of the
operating power level of RES, a single dc-to-ac converter can be applied to interface the power grid,
however, a dc-to-dc back-end stage can also be used as intermediary between the dc-to-ac front-end
and the power grid. On the other hand, bidirectional converters are used when the energy flows
from an energy source to the power grid and from the power grid to an electrical appliance, where
the integration of ESS is the main application for such converters in a smart grid context. It is
relevant to highlight that a bidirectional power electronics converter can also be applied as an
on-board or off-board battery charger for electric vehicles. As explained for the unidirectional
converters, a single dc-to-ac converter can be used, as well as an intermediary dc-to-dc converter.
Taking into account the indispensable necessity of dc-to-ac converters for the smart grids growing,
in the scope of this paper, a novel front-end MLC for application of RES is proposed. However, it
should be noted that the proposed converter can also be applicable for ESS, since it can operate in
bidirectional mode.

3. Proposed Front-End Multilevel Converter

In order to interface RES (a set of PV panels) with the power grid, power electronics converters are
required. A classical approach consists in use a back-end converter to interface the PV panels and a
front-end converter to interface the power grid, both sharing a common dc-link. In this context,
Fig. 2 shows the proposed MLC operating as front-end converter for RES integration in smart grids.
It is composed by eight controlled semiconductors (metal oxide semiconductor field-effect
transistor - MOSFET), by an inductor (L) ac-side passive filter, and by a capacitor (C) dc-side
passive filter. The ac-side is directly connected to the power grid, and the dc-side is connected to a
back-end converter, which is connected to a set of PV panels. Controlling the state of each
MOSFET with a fixed frequency, the proposed MLC can establish five distinct voltage levels, i.e.,
the voltage between the points a and b before the L passive filter. Besides the level 0, this voltage
can assume the values of +v4 and +v4/2 during the positive half-cycle, and the values of —v4 and —
vae/2 during the negative half-cycle. It is relevant to note that classical front-end converters for RES
only allow the voltage levels of +vuc, 0, and —vye.

3.1. Principle of Operation

Taking into account that the proposed converter is evaluated for applications of RES, i.e., the
injected current is in phase opposition with the power grid voltage, the analysis is performed in two
quadrants highlighted in Fig. 3. When the power grid is positive (v¢ > 0), the voltage established by
the MLC can assume the values of 0, v4/2 and va. In order to establish the voltage levels of 0 and
vac/2, MOSFET s; is ON, MOSFETS s2, 55, and ss are OFF, and MOSFETSs s3, 54, 57, and ss are
switched. To establish the voltage levels of vi/2 and vi., MOSFET s; is ON, MOSFETS s2, 53, 54,
and s5 are OFF, and MOSFETS ss, s7, and sg are switched. When the power grid voltage is negative
(v¢ <0), the voltage established by the MLC can assume the values of 0, -v4/2 and -vg. In order to
establish the voltage levels of 0 and -va./2, MOSFETS s7, 55, and ss are OFF, MOSFET s> is ON, and
MOSFETs s3, 54, 57, and ss are switched. To establish the voltage levels of -va/2 and -va,
MOSFETs sy, 53, s4 and s¢ are OFF, MOSFETSs s is ON, and MOSFETS 55, 57, and ss are switched.
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Table 1 summarizes all of the aforementioned states in both positive and negative half-cycles of the
power grid voltage.

Smart Grid Power Electronics Converters (Front-End and Back-End) to Interface RES PV Panels
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Fig. 2. Proposed front-end multilevel converter for the integration of renewable energy systems in
smart grids.
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Fig. 3. Quadrants of operation for the proposed front-end multilevel converter.

Table 1. MOSFETs state in both positive and negative half cycles of the power grid voltage.

S S2 S3 S4 S's S6 87 S8 Vab

ON OFF ON ON OFF OFF OFF  OFF 0
0< Vab < Vdc/ 2
ON OFF OFF OFF OFF OFF ON ON Va2

ve >0
ON OFF OFF OFF OFF OFF ON ON Va2
Vdc/ 2< Vab < Vdc
ON OFF OFF OFF OFF ON OFF OFF Ve
OFF ON ON ON OFF OFF OFF OFF 0
0<vp<-vil2
OFF ON OFF OFF OFF OFF ON ON Vel 2
ve <0
OFF ON OFF OFF OFF OFF ON ON Vel 2

Vel 2 < Vap < Ve
OFF ON OFF OFF ON OFF OFF OFF Ve
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3.2. Proposed Control Structure

Fig. 4 shows the proposed control structure for the MLC, which is composed by three main parts:
power theory; grid current control; PWM. The power theory block receives the variables acquired
from the ADC (vg, ig, Vdel, Vac2, idc) and establishes the current reference (io*) for the power grid
current. The dc-link voltage is regulated in this block using a proportional-integral (PI) controller,
which produces a power component that is added to the dc-side power (determined with the
variables v4- and i4), resulting in the value of the instantaneous power for MLC operation. Using
the value of this power, and the root mean square (rms) and instantaneous values of the power grid
voltage, it is determined the instantaneous value for the power grid current reference (iz*). The
current control block receives the grid current reference (i;*), the measured grid current (ig), and the
power grid voltage (v¢) as inputs, and using the values of the ac-side passive filter (L) and the
sampling frequency (f;) (in the scope of this paper, a sampling frequency of 200 kHz was used),
defines the instantaneous voltage reference (v, *) that the proposed MLC must establish in order to
obtain the five distinct voltage levels. The PWM block receives the instantaneous voltage reference
(vap™) and establishes a set of control signals for each MOSFET, which are compared with a
triangular carrier to define the ON and OFF state of each MOSFET. In the scope of this paper, a
switching frequency of 100 kHz was used. Taking into account the aforementioned control strategy,
the PWM can be optimized with only four individual PWM signals, representing an attractive
strategy mainly considering that the classical converter (full-bridge three-level) also requires four
individual PWM signals.

power theory current control PWM modulation

_§_>> S; Proposed
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Fig. 4. Proposed control structure for the front-end multilevel converter.

4. Proposed MLC Operating with RES in Smart Grids

This section introduces the proposed MLC operating as interface of RES in smart grids. For such
purpose, a detailed simulation model was implemented in the dedicated power electronics software
PSIM. The main parameters and requirements of the proposed MLC are listed in Table 2.

Fig. 5 shows the results obtained with the proposed MLC operating in steady-state with the nominal
power of 3.5 kW. The injected current (i¢) is in phase opposition with the voltage (vg), presents a
total harmonic distortion (THD%) value of 2.5%, and is sinusoidal even with a THD% value in the
voltage of 3.5%. As highlighted, the five distinct voltage levels established by the proposed MLC
are clearly identified (vay), proving the proper action of the proposed power theory, current control
and PWM. This figure also shows the state of each MOSFET during the positive and negative
half-cycles of the power gird voltage. As shown, MOSFETs s; and s> are switched at the power grid
frequency (50 Hz), representing an important advantage of the proposed MLC. Besides, only
MOSFETs s7 and ss are always switched during all the time in both half-cycles.
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Table 2. Main parameters and requirements of the proposed MLC.

Parameter Label Value Unit
Power Grid Voltage Vg 230 v
Power Grid Voltage THD (maximum) THDv 3.5 %
Power Grid Frequency fe 50 Hz
Grid Current (@ full power) g 15 A
Grid Current THD (@ full power) THDi 2.5 %
Rated Power P, 3.5 W
Power Factor (@ full power) PF 0.99 -
Dc-link Voltage Ve 200 + 200 v
MOSFETs Switching Frequency Sow 100 kHz
Sampling Frequency fs 200 kHz
L Passive Filter (ac-side) L 300 puH
C Passive Filter (dc-side) Ci, C 2.2 mF
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Fig. 5. Proposed multilevel converter operating in steady-state with nominal power of 3.5 kW.

Fig. 6 shows the dynamic operation of the proposed MLC in accordance with the energy extracted
from the simulated PV panels. This simulation result was obtained during four distinct periods of
operation, illustrating the performance of the proposed MLC and respective control strategy, as
response to the variations of the energy extracted from the PV panels. During the first period, the
operating power increases from 0 until a maximum of 3.5 kW without sudden variations and during
a time period of 0.17 s. During the second period, the operating power is maintained with a value of
3.5 kW during a time period of 0.13 s. During the third period, the operating power decreases from
3.5 kW until a minimum of 2 kW, also without sudden variations in the injected current. During the
fourth period, the operating power is maintained with a value of 2 kW during a time period of
0.15 s. The injected current is always sinusoidal and in phase opposition with the voltage during all
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the four periods, validating the proposed MLC for applications of RES. Moreover, this figure also
shows a detail about the grid current (i;) and grid voltage (v¢) crossing the zero value, and a detail
about the comparison between the reference for the grid current (i;*) and the measured current (iy).
No power quality issues can be identified in these detailed figures, representing an important
requisite for the RES integration into smart grids.

»l g :

40 A

0kW <P, <3.5kW P,=3.5kW 3.5kW <P, <2.0kW P,=2.0kW
400V - - —>le -

A\ 4

&
< » € »

A
A 4

200V

Os 0.1s 0.2s 0.3s 04s 05s

450V 45A 23A |

-450 V -45A 19.5A
0.214s 0.226 s 0.25496 s 0.25512s

(b) (c)

Fig. 6. Dynamic operation of the proposed multilevel converter in accordance with the energy
extracted from the PV panels for four distinct operating levels: (a) Power grid voltage (v¢) and grid
current (ig) waveforms; (b) Detail about the grid current (ig) and grid voltage (vq) crossing zero
value; (c) Detail about the comparison between the grid current reference (iz*) and the measured
current (ig).

Fig. 7 shows a comparison between the proposed multilevel converter and the classical converter
(three-level full-bridge converter) used to integrate RES with the power grid.

In Fig. 7(a) and Fig. 7(b) are presented, respectively, the topology of the proposed multilevel
converter and the topology of the classical converter. For both topologies, the grid current (i) and
the voltage levels (vay) are presented in Fig. 7(c) and Fig. 7(d), respectively. As shown, the
proposed topology permits to establish five distinct voltage levels while the classical topology
allows only three levels, representing an important advantage of the proposed MLC against the
classical topology.

A comparison of both topologies in terms of total harmonic distortion is presented in Fig. 7(e),
allowing to identify the contribution of the proposed MLC to increase the power quality levels in
smart grids. The proposed MLC has lower values of total harmonic distortion for all the operating
powers. The difference is more expressive for low values of operating power, representing an
attractive solution for RES, mainly considering the uncertainty of energy production.

A comparison in terms of estimated efficiency for different power levels is presented in Fig. 7(f).
The results for such comparison were obtained using the thermal module available in the PSIM
software, where the dynamic behaviour of the semiconductors is considered in order to estimate the
switching and conduction losses. In the simulation model were considered the MOSFETs
STW45NM50 from ST Microelectronics (drain-source voltage of 550 V and drain current of 45 A),
an upper level of gate voltage of 15 V, a lower level of gate voltage of -15 V, turn-on and turn-off
gate resistances of 5 Q, and a drain-source resistance of 0.08 Q.
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Fig. 7. Comparison between the proposed multilevel converter and the classical converter used to
integrate RES with the power grid: (a) Topology of the proposed multilevel converter; (b) Topology
of the classical converter; (c) Grid current (ig) and voltage levels (vay) of the proposed multilevel
converter, (d) Grid current (ig) and voltage levels (vay) of the classical converter; (e) Comparison
in terms of total harmonic distortion for different power levels; (f) Comparison in terms of
estimated conversion efficiency for different power levels.

classical

5. Conclusions

Power electronics converters are fundamental for the integration of renewable energy systems
(RES) into smart grids. Therefore, front-end converters for interfacing the power grid and back-end
converters for interfacing RES are used in order to adapt the voltage levels of both sides. In this
context, a novel topology of front-end converter is proposed, where the multilevel characteristic
with reduced number of semiconductors and optimized control strategy are the main advantages, in
comparison with other multilevel converters in the literature. Moreover, the proposed converter
operates with high-levels of power quality, imposing a controlled sinusoidal grid current in phase
opposition with the power grid voltage. Along the paper, the proposed front-end multilevel
converter (MLC) is presented in detail, highlighting the main features, and illustrating the principle
of operation and the proposed control structure. The paper also presents an analysis based on
simulation results about the integration of RES into smart grids considering the proposed MLC, and
a comparison in terms of total harmonic distortion (power quality) and estimated efficiency for
different power levels, between the proposed MLC and the classical converter used to integrate
RES with the power grid. The simulation results were obtained under realistic operating conditions
for a significant operating power range, allowing to validate the superior performance of the
proposed MLC when compared to the classical solution.
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References

[1]

[2]

[3]

[4]
[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Thomas Ackermann, Enrico Maria Carlini, Bernhard Ernst, Frank Groome, Antje Orths, Jon
O’Sullivan, Miguel de la Torre Rodriguez, Vera Silva, “Integrating Variable Renewables in
Europe: Current Status and Recent Extreme Events,” IEEE Power Energy Mag., vol.13, no.6,
pp.67-77,Dec. 2015.

Ahmed Yousuf Saber, Ganesh Kumar Venayagamoorthy, “Resource Scheduling Under
Uncertainty in a Smart Grid with Renewables and Plug-in Vehicles,” IEEE Syst. J., vol.6,
no.l1, pp.103-109, Mar. 2012.

Mir Hadi Athari , Zhifang Wang, “Impacts ofWind Power Uncertainty on Grid Vulnerability
to Cascading Overload Failures,” IEEE Trans. Sustain. Energy, vol.9, no.1, pp.128-137, Jan.
2018.

Parag Kulkarni, Tim Lewis, Saraansh Dave, “Energy Monitoring in Residential
Environments,” IEEE Tech. Society Magazine, vol.33, no.3, pp.71-80, Fall 2014.

Baoquan Liu, Fang Zhuo, Yixin Zhu, Hao Yi, “System Operation and Energy Management of
a Renewable Energy-Based DC Micro-Grid for High Penetration Depth Application,” IEEE
Trans. Smart Grid, vol.6, no.3, pp.1147-1155, May 2015.

Mohammad Monfareda, Saeed Golestan, “Control strategies for single-phase grid integration
of small-scale renewable energy sources: A review,” ELSEVIER Renewable and Sustainable
Energy Reviews, vol.16, no.7, pp.4982-4993, Sept. 2012.

Fangxing Li, Wei Qiao, Hongbin Sun, Hui Wan, Jianhui Wang, Yan Xia, Zhao Xu, Pei
Zhang, “Smart Transmission Grid: Vision and Framework,” IEEE Trans. Smart Grid, vol.1,
no.2, pp.168-177, Sept. 2010.

Vehbi C. Gungor, Dilan Sahin, Taskin Kocak, Salih Ergut, Concettina Buccella, Carlo Cecati,
Gerhard P. Hancke, “Smart Grid and Smart Homes - Key Players and Pilot Projects,” IEEE
Ind. Electron. Mag., vol.6, pp.18-34, Dec. 2012.

Michael Bragard, Nils Soltau, Stephan Thomas, Rik W. De Doncker, “The Balance of
Renewable Sources and User Demands in Grids: Power Electronics for Modular Battery
Energy Storage Systems,” IEEE Trans. Power Electron., vol.25, no.12, pp.3049-3056, Dec.
2010.

Iban Junquera Martinez, Javier Garcia-Villalobos, Inmaculada Zamora, Pablo Eguia, “Energy
Management of Micro Renewable Energy Source and Electric Vehicles at Home Level ,”
SPRINGER Journal of Modern Power Systems and Clean Energy, vol.5, no.6, pp.979-990,
Nov. 2017.

S. R. Bull, “Renewable Energy Today and Tomorrow,” Proc. IEEE, vol.89, no.8, pp.1216-
1226, Aug. 2001.

Bing Yan, Peter B. Luh, Guy Warner, Peng Zhang, “Operation and Design Optimization of



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

PROCEEDINGS OF ECOS 2018 - THE 31I°" INTERNATIONAL CONFERENCE ON
EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS
JUNE 17-22, 2018, GUIMARAES, PORTUGAL

Microgrids With Renewables,” IEEE Trans. Autom. Sci. Eng., vol.14, no.2, pp.573-585, Apr.
2017.

Frede Blaabjerg, Josep M. Guerrero, “Smart Grid and Renewable Energy Systems,” ICEMS
International Conference on Electrical Machines and Systems, pp.1-10, Aug. 2011.

Joao C. Ferreira, Vitor Monteiro, Jodo L. Afonso, “Vehicle-to-Anything Application
(V2Anything App) for Electric Vehicles,” IEEE Trans. Ind. Informat., vol.10, no.3, pp.1927-
1937, Aug. 2014.

Vitor Monteiro, Bruno Exposto, Jodo C. Ferreira, Jodo L. Afonso, “Improved Vehicle-to-
Home (1iV2H) Operation Mode: Experimental Analysis of the Electric Vehicle as Off-Line
UPS,” IEEE Transactions on Smart Grid, vol.8, no.6, pp.2702-2711, Nov. 2017.

Vitor Monteiro, J. G. Pinto, Jodo L. Afonso, “Operation Modes for the Electric Vehicle in
Smart Grids and Smart Homes: Present and Proposed Modes,” IEEE Trans. Veh. Tech.,
vol.65, no.3, pp.1007-1020, Mar. 2016.

Mosaddek Hossain Kamal Tushar, AdelW. Zeineddine, Chadi Assi, “Demand-Side
Management by Regulating Charging and Discharging of the EV, ESS, and Utilizing
Renewable Energy,” IEEE Trans. Ind. Informat., vol.14, no.1, pp.117-126, Jan. 2018.

Kalpesh Chaudhari, Abhisek Ukil, K Nandha Kumar, Ujjal Manandhar, Sathish Kumar
Kollimalla, “Hybrid Optimization for Economic Deployment of ESS in PV-Integrated EV
Charging Stations,” IEEE Trans. Ind. Informat., vol.14, no.1, pp.106-116, Jan. 2018.

Shuang Gao, K. T. Chau, Chunhua Liu, Diyun Wu, C. C. Chan, “Integrated Energy
Management of Plug-in Electric Vehicles in Power Grid With Renewables,” IEEE Trans.
Veh. Technol., vol.63, no.7, pp.3019-3027, Sept. 2014.

Vitor Monteiro, J. G. Pinto, Bruno Exposto, Delfim Pedrosa, Joao L. Afonso,
“Multifunctional Converter to Interface Renewable Energy Sources and Electric Vehicles
with the Power Grid in Smart Grids Context,” ICEE International Conference on Energy and
Environment: Bringing Together Engineering and Economics, Guimardes Portugal, pp.654-
661, June 2015.

Marc Beaudin, Hamidreza Zareipour, Anthony Schellenberglabe, William Rosehart, “Energy
storage for mitigating the variability of renewable electricity sources: An updated review,”
Journal of Energyfor Sustainable Development, Elsevier, vol.14, no.4, pp.302-314, Dec.
2010.

Soham Deshpande, N. R. Bhasme, “A Review of Topologies of Inverter for Grid Connected
PV Systems,” IEEE i-PACT Innovations in Power and Advanced Computing Technologies,
pp-1-6, Apr. 2017.

Pavel Purgat, Jelena Gerber-Popovic, Pavol Bauer, “Modularity in Power Electronics:
Conceptualization, Classification and Outlook,” IEEE IECON Industrial Electronics
Conference, pp.1307-1312, Beijing China, Nov. 2017.

Soeren Baekhoej Kjaer, John K. Pedersen, Frede Blaabjerg, “A Review of Single-Phase Grid-
Connected Inverters for Photovoltaic Modules,” IEEE Trans. Ind. Appl.,, vol.41, no.5,
pp-1292-1306, Oct. 2005.

Li Zhang, Kai Sun, Lanlan Feng, Hongfei Wu, Yan Xing, “A Family of Neutral Point
Clamped Full-Bridge Topologies for Transformerless Photovoltaic Grid-Tied Inverters,”
IEEE Trans. Power Electron., vol.28, no.2, pp.730-739, Feb. 2013.

Vitor Monteiro, Jodo C. Ferreira, Delfim Pedrosa, Jodo L. Afonso, “Comprehensive Analysis
and Comparison of Digital Current Control Techniques for Active Rectifiers,” CONTROLO
Portuguese Conference on Automatic Control, Guimaraes — Portugal, pp.655-666, Sept. 2016.
An Luo, Qianming Xu, Fujun Ma, Yandong Chen, “Overview of Power Quality Analysis and
Control Technology for the Smart Grid,” SPRINGER Journal of Modern Power Systems and
Clean Energy, vol.4, no.1, pp.1-9, Jan. 2016.

Vitor Monteiro, Andrés A. Nogueiras Meléndez, Jodo L. Afonso, "Novel Single-Phase Five-



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

PROCEEDINGS OF ECOS 2018 - THE 31I°" INTERNATIONAL CONFERENCE ON
EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS
JUNE 17-22, 2018, GUIMARAES, PORTUGAL

Level VIENNA-Type Rectifier with Model Predictive Current Control,” IEEE IECON
Industrial Electronics Conference, pp.6413-6418, Nov. 2017.

Marco Rivera, Venkata Yaramasu, Ana Llor, Jose Rodriguez, Bin Wu, Maurice Fadel,
“Digital Predictive Current Control of a Three-Phase Four-Leg Inverter,” IEEE Trans. Ind.
Electron., vol.60, no.11, pp.4903-4912, Nov. 2013.

Krishna Kumar Gupta, Alekh Ranjan, Pallavee Bhatnagar, Lalit Kumar Sahu, Shailendra Jain,
Multilevel Inverter Topologies With Reduced Device Count: A Review,&quot; IEEE Trans.
Power Electron., vol.31, no.1, pp.135-151, Jan. 2016.

A. Pandey, B. Singh, B. N. Singh, A. Chandra, K. Al-Haddad, D. P. Kothari, “A Review of
Multilevel Power Converters,” Journal of the Institution of Engineers, vol.8, pp.220-231,
Mar.2006.

Suman Debnath, Jiangchao Qin, Behrooz Bahrani, Maryam Saeedifard, Peter Barbosa,
“Operation, Control, and Applications of the Modular Multilevel Converter: A Review,”
IEEE Trans. Power Electron., vol.30, no.1, pp.37-53, Jan. 2015.

Alireza Nami, Jiaqi Liang, Frans Dijkhuizen, Georgios D. Demetriades, “Modular Multilevel
Converters for HVDC Applications: Review on Converter Cells and Functionalities,” IEEE
Trans. Power Electron., vol.30, no.1, pp.18-36, Jan. 2015.

Samir Kouro, Bin Wu, Alvaro Moya, Elena Villanueva, Pablo Correa, José Rodriguez,
“Control of a Cascaded H-Bridge Multilevel Converter for Grid Connection of Photovoltaic
Systems,” IEEE IECON Industrial Electronics Conference, pp.3976-3982, Porto Portugal,
Nov. 2009.

Hani Vahedi, Philippe-Alexandre Labb¢, Hadi Y. Kanaan, Handy Fortin Blanchette, Kamal
Al-Haddad, “A New Five-Level Buck-Boost Active Rectifier,” IEEE ICIT International
Conference on Industrial Technology, pp.2559-2564, Mar. 2015.

Giampaolo Buticchi, Davide Barater, Emilio Lorenzani, Carlo Concari, Giovanni
Franceschini, “A Nine-Level Grid-Connected Converter Topology for Single-Phase
Transformerless PV Systems,” IEEE Trans. Ind. Electron., vol.61, no.8, pp.3951-3960, Aug.
2014.

Vitor Monteiro, Andrés A. Nogueiras Meléndez, Jodo C. Ferreira, Carlos Couto, Jodo L.
Afonso, ”Experimental Validation of a Proposed Single-Phase Five-Level Active Rectifier
Operating with Model Predictive Current Control, IEEE IECON Industrial Electronics
Conference, pp.3939-3944, Nov. 2015.

Carlos Alberto Teixeira, Donald Grahame Holmes, Brendan P. McGrath, “Single-Phase
Semi-Bridge Five-Level Flying-Capacitor Rectifier,” IEEE Trans. Ind. Appl., vol.49, no.5,
pp-2158-2166, Sept. 2013.

Petar Grbovic, Alessandro Lidozzi, Luca Solero, Fabio Crescimbini, “Five-Level
Unidirectional T-Rectifier for High Speed Gen-Set Applications,” IEEE Trans. Ind. Appl.,
vol.52, no.2, pp.1642-1651, Mar. 2016.

Liangzong He, Chen Cheng, “A Flying-Capacitor-Clamped Five-Level Inverter Based on
Bridge Modular Switched-Capacitor Topology,” IEEE Trans. Ind. Electron., vol.63, no.2,
pp.7814-7822, Dec. 2016.

Bo Sun, Fengjiang Wu, Mehdi Savaghebi, Josep M. Guerrero, “A Flexible Five-level
Cascaded H-bridge Inverter for Photovoltaic Gird-Connected Systems,” IEEE ECCE
International Conference on Power Electronics, Seoul Korea, pp.2369-2375, June 2015.

Jodo A. Ferreira Neto, Francisco J. B. Brito, Davi R. Joca, Marcos A. N. Nunes, René P.
Torrico-Bascopé, “A Five-Level NPC Bidirectional Converter Based on Multistate Switching
Cell Operating as Boost Rectifier,” IEEE Brazilian Power Electronics Conference, Gramado
Brazil, pp.79-84, Oct. 2013.



