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Abstract—The on-grid interface of renewable energy 
sources involves a dc-ac converter for controlling the injected 
current. In this perspective, a novel topology of grid-tied 
converter is proposed, assuming as main feature the produced 
multilevel voltages (five-levels). The proposed grid-tied 
converter is intended for on-grid interfaces, which is controlled 
for guaranteeing sinusoidal currents for all grid voltage 
conditions. The dc-side can be linked directly to a dc-to-dc 
intermediary converter, responsible for interfacing renewable 
energy sources, as solar photovoltaic or wind power systems. 
Throughout the paper, a complete examination of the 
operation principle and the adopted control theory, including 
current control, as well as hardware project, are 
comprehensively presented. An accurate computational 
simulation validation is presented, comprising realistic 
operating conditions in terms of grid voltage disturbances and 
operating power. The obtained results prove the advantages of 
the proposed grid-tied multilevel converter, and establish a 
comparison with the classical solutions.  

Keywords—Multilevel Converter; Renewable Energy 
Sources; Grid-Tied Converter, Power Quality, Smart Grids. 

I. INTRODUCTION 
The emission of greenhouse gases is a global problem, 

with several targets for the next decades [1]. Basically, these 
targets are achieved by a more intensive participation of 
renewable energy sources (RES) (in on-grid or off-grid 
architectures), through systems that contribute to handle with 
the inconstant energy production of RES, aiming to balance 
the relationship between production and consumption [2], 
and through electric mobility (it can be seen as a system with 
triple functionalities: energy consumption, energy storage, 
and injection of energy into the grid) [3]. From the point of 
view of managing the operation of these three contributions, 
communication technologies will also play a key role [4]. A 
contribution for scheduling these resources in a smart grid 
perspective is presented in [5]. The impacts of RES on the 
grid vulnerability, particularly from unforeseen wind, is 
presented in [6]. A particular analysis of the symbiotic 
collaboration of RES for the smart grids is considered in [7]. 
A real-time management strategy for the demand-side is 
proposed in [8] as a contribution for adjusting the operation 
of controlled electric mobility, ESS, and RES. A unified 
control for handling RES, from wind power generators, and 
electric mobility in bidirectional mode, is proposed in [9], 
where the main idea is to schedule the charging and 

discharging. In a future perspective of sustainability, RES 
will be a key technology independently of ESS or electric 
mobility. Thus, technologies of power electronics converters 
are necessary for adjusting the voltage levels from the RES 
to on-grid or off-grid architectures. An interesting review of 
power converters for RES considering standards, and 
single-phase and three-phase topologies describing the 
advantages and limitations of each one, is presented in [10]. 
A review of power converters focusing on the number of 
power stages, the decoupling strategy, the questions of using 
an isolation transformer, and the grid-connected type is 
presented in [11]. Targeting to enable aspects of flexibility 
and scalability, the modularity of the power converters is 
also a key concept, as demonstrated in [12]. Traditionally, 
for injecting power into the grid (with current feedback) or 
for off-grid systems (with voltage feedback), fully-controlled 
full-bridge converters are used. Nevertheless, the increasing 
advances in power semiconductors and in controlled 
platforms has contributed decisively for advanced topologies 
of power converters. Analyzing the requirements for the 
interface of RES, two distinct structures of power converters 
can be adopted: (i) A single-stage structure based on a single 
dc-ac power converter; (ii) A double-stage structure based on 
dc-to-dc and dc-ac power converters. Both structures have 
advantages and disadvantages, especially with respect to 
power levels and the control system, e.g., not all dc-ac 
topologies can be employed in both structures (e.g., 
depending on the independent dc-side sources). Based on 
this contextualization, this paper proposes a novel multilevel 
(five-level) power converter for on-grid interface of RES. 
The proposed converter is controlled with current feedback, 
where it produces a multilevel voltage as a result of the 
control algorithm, permitting to control the grid-side current. 
The implemented control only needs to identify the 
fundamental component of the grid-side voltage in order to 
obtain a reference current independently of the grid-side 
voltage problems (e.g., concerning amplitude or harmonic 
distortion) [13]. Thus, it is easy to comprehend that the 
quality of the current on the grid-side is directly proportional 
to the quality of the voltage produced (five-levels). By 
applying a multilevel converter, it facilitates obtaining a 
voltage whose harmonic content is mostly based on the 
fundamental component. With more voltage levels, will 
result in lower requirements in terms of the filters between 
the converter and the grid. Based on this principle, it is 
logical that increasing voltage levels directly implies the 
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reduction of passive filters, but in practical terms, increasing 
voltage levels forces hardware complexities and software. 

A new topology of five-level converter is proposed in 
[14], where its structure is based on the Vienna converter. 
The advantages of a multilevel structure are even more 
relevant when, on the dc-side, several dc sources are 
connected to form the dc-link, especially when these sources 
are connected in series, as can be the case with RES based on 
photovoltaic (PV) panels [15]. A comprehensive analysis and 
review of the most fundamental multilevel converters using a 
reduced number of power semiconductors and the challenges 
of each structure concerning the application are presented in 
[16]. Also in this context of multilevel topologies review, a 
discussion from the point of view of the power theories and 
applications are presented in [17]. Besides the application at 
low-voltage levels, it is also important to notice that the 
multilevel structures are also relevant for medium and 
high-voltage levels. Reviews of multilevel structures for 
these cases are offered in [18] and [19]. In [20], a new 
topology of five levels is proposed, but whose dc-side is 
formed by two distinct dc-links, limiting the application to 
the RES interface. The same disadvantage is identified in the 
nine-level topology proposed in [21]. In [22], [23], and [24] 
new multilevel topologies are proposed but only operate in 
unidirectional mode, i.e., receiving power from the grid to 
dc-link, maintaining the principle of operation of the power 
factor correction topologies. In [25], [26] and [27], five-level 
topologies are proposed, but they require more capacitors or 
more controlled semiconductors, representing the 
fundamental disadvantage when confronted with the 
proposal of this paper. Based on this contextualization of 
multilevel converters, this paper proposes a new five-level 
topology for RES applications considering an on-grid 
perspective. In order to establish a contextualization of the 
proposed topology for smart grids, the capital gains are: (i) 
Operation as a grid-tied converter, but also allowing 
operation as an active rectifier, i.e., operation in the four 

quadrants (cf. section II); (ii) Operation with high levels of 
power quality, in all quadrants and in all modes of control, 
with current and voltage feedback (cf. section II); (iii) 
Structure with a single dc-link, but divided to obtain the five 
levels (cf. section II); (iv) Better ratio between number of 
semiconductors and efficiency compared to the topologies of 
the state of the art (cf. section III.A); (v) Control flexibility to 
deal with changes in the production of RES 
(cf. section III.B). 

II. SMART GRIDS: 
A PERSPECTIVE OF POWER CONVERTERS 

Fig. 1 shows the application of power electronics 
converters for RES and ESS in smart grids. As can be seen, 
dc-ac power electronics converters are required for three 
levels of the electrical power system in smart grids: Power 
Distribution Level, Industrial and Services Level, and 
Residential Level. At the Power Distribution Level, a 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 
or even by transmission system operators toward a demand 
response 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 a 
manager can be performed by distribution system operators. 
At the Residential Level, RES and ESS can be integrated in a 
small-scale with the purpose of minimizing the energy costs 
for the end-user, as well as of contributing to define 
management strategies for demand response, allowing to 
establish a distributed scenario of RES. Taking into account 
the aforementioned three energy levels, the power electronics 
converters identified in Fig. 1 should be equipped with a 
communication interface to a cloud-based service. This 
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 power transactions. 

 
Fig. 1. On-grid power electronics converters in smart grids. 
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III. TOPOLOGY OF THE PROPOSED 
FRONT-END MULTILEVEL CONVERTER 

In Fig. 2 is presented the topology of the proposed 
converter. Due to the simplicity of analysis and because it is 
more common for the residential level, a set of PV panels 
was considered in this paper as an example of RES (where 
only an additional dc-to-dc converter is necessary between 
the proposed converter and the PV panels). For example, 
wind systems could also have been considered, however, an 
additional ac-to-dc converter would be required besides the 
dc-to-dc and the dc-ac, since the generator, typically, is 
based on a three-phase ac electrical machine. Concerning the 
dc-to-dc, although it is possible to use a simple converter, 
usually of the boost-type, its control has to be based on an 
algorithm that allows extracting the maximum power from 
the RES. As the focus of this paper is on the proposed dc-ac 
multilevel converter, the analysis of the dc-to-dc converter is 
discarded, since it does not influence the operation of the 
proposed converter. It should be noted that the fact of the 
proposed converter is based on a multilevel structure does 
not influence the basic operating principle of the whole 
system (the maximum power extraction is guaranteed by a 
dc-dc converter and it is injected into the grid through a 
dc-ac converter). 

A. Principle of Operation 
The proposed converter consists of 6 switches 

(bidirectional and bipolar, supporting vdc voltage), a passive 
L filter (for simplicity of analysis) on the ac-side and a split 
passive C filter on the dc-side. The dc-link voltage balancing 
is performed according to the half-cycle of the grid voltage, 
i.e., during the positive half-cycle a PI controller is 
responsible for controlling the voltage vdc1 and during the 
negative half-cycle a PI controller is responsible for 
controlling the voltage vdc2. The main characteristic of the 
proposed converter is that it can produce different voltage 
levels, which are obtained by the proper control of each 
switch. The voltage produced by the converter is obtained 
between the points x and y, represented in Fig. 2, and can 
assume the values 0, +vdc/2 (vdc1) and vdc (vdc1+vdc2), when the 
grid voltage is positive, and the values  0, -vdc/2 (-vdc2) 
and -vdc (-vdc1-vdc2), when the grid voltage is negative. This is 
the main advantage of the proposed converter compared to 
the traditional solution that employs a full-bridge converter, 
which only allows the voltages 0, +vdc and -vdc. The possible 
states are summarized in Table I. In addition to these states, 
the proposed converter also allows other states for the 
switches in order to obtain the same voltage levels. 
However, if the selection of the state of each switch is not 

properly considered, unbalances in the dc-link capacitors 
will occur. Based on the states defined in Table I to produce 
each voltage level, and assuming dc sources directly 
connected to the dc-link (i.e., without any dc-to-dc converter 
as interface), Fig. 3 shows the currents (idc1, idc2) directly 
measured in each dc source. The current in each source is 
properly balanced over a cycle of the grid voltage, ensuring 
that the voltages of the dc-link capacitors can be controlled 
for the same reference, without unbalances. 

B. Proposed Control Structure 
The control structure governing the behavior of the 

proposed converter is presented in Fig. 4, which is composed 
of three distinct parts: (i) Voltage regulation on the dc-side 
(based on proportional-integral (PI) controllers), 
guaranteeing that both voltages are properly balanced in both 
half-cycles of the grid voltage; (ii) Definition of the reference 
current for the ac-side (Fryze-Buchholz-Depenbrock (FBD) 
power theory), which considers the operating power of the 
dc-to-dc converter that coincides with the power extracted 
from the RES; (iii) Current control (finite control set model 
predictive) that consists in defining the state of the switches 
in each control cycle. Ignoring the losses in the analysis of 
the converter, the value of the power on the dc-side 
(extracted from the RES) is equivalent to the average value 
of the active power on the ac-side, since it is not used any 
intermediary energy buffer. Therefore, based on this basic 
principle of operation, the relation between the power in both 
sides can be mathematically described as: 

� ������ 	�����
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where m corresponds to 800 based on a grid frequency of 
50 Hz and a sampling frequency of 40 kHz, and Pdc[n] is the 
dc-side power calculated at the instant n. Since the objective 

Fig. 2. Topology of the proposed multilevel converter. 
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SELECTED STATES OF THE PROPOSED DC-AC CONVERTER 

 s1 s2 s3 s4 s5 s6 vxy 

v a
c >

 0
 ON ON OFF OFF OFF OFF 0 

OFF ON ON OFF OFF OFF vdc1 
OFF OFF ON ON OFF OFF vdc1+vdc2

v a
c <

 0
 OFF OFF OFF OFF ON ON -vdc1-vdc2

OFF ON OFF OFF OFF ON -vdc2 
ON ON OFF OFF OFF OFF 0 

 

Fig. 3. Validation of the converter considering dc sources in the dc-side: 
Produced voltage (vxy); Currents in the dc sources (idc1, idc2). 
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is to control the proposed converter for injecting current, the 
following relation can be recognized: 

� �������	�����
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According to this equation (obtained from equation (1) and 
substituting pdc[n] according to the FBD power theory, where 
is considered the ac-side current and volatge), it is possible to 
guarantee, for all operating powers, that the proposed 
converter will inject a current with the same waveform of the 
grid-side voltage, which is acceptable in many situations of 
on-grid converters, especially when the grid voltage is stable 
in terms of amplitude, frequency, and harmonic distortion. 
Establishing a combination of the previous equations in order 
to put everything as a function of the grid-side current, 
results in: 

������ � 	�����
������� �������� (3)

This equation defines the value of the current on the ac-side 
(instantaneous value during a control period) for a given 
operating power on the dc-side, which is based on the 
instantaneous and rms values of the grid voltage. Analyzing 
in more detail, it is obvious that the waveform of the current 
is directly proportional to the waveform of the voltage (with 
the aforementioned conditions). Assuming a real situation of 
application, where the grid voltage can have power quality 
problems, it is important to ensure that the converter only 
operates with active power (i.e., with zero values of 
harmonic and reactive power). It is possible to guarantee this 
situation using, in equation (3), a signal that is proportional 
to the measured grid voltage, but only containing its 
fundamental component. This signal is obtained by using an 
algorithm of phase locked-loop [28], allowing to obtain good 
results considering the main power quality problems in the 
power grid, as harmonic distortion, frequency, sags, and 
swells. According to the control structure that is intended for 
the proposed converter, the used algorithm allows as input 
the grid voltage (presenting or not power quality problems) 
and as output a sinusoidal signal. This strategy allows to 
obtain a sinusoidal current in the ac-side, being exclusively 
dependent on the fundamental frequency of the grid and its 
rms value. Briefly, the obtained signal respects the equation: 

	�������� � ����� � !��"���� (4)

where � is determined by the phase locked-loop algorithm. 
Consequently, starting from the equation 3, the final equation 
governing the waveform and amplitude of the grid-side 
current is defined as: 

���#��� � �� � !�"�
������ �������� (5)

In addition to ensuring that the injected current is 
sinusoidal, this equation allows to define the amplitude of 
this current, which is directly proportional to the value of 
power on the dc-side. In this way, for any control cycle, this 
is the current that should be used as reference for the 
converter. In other words, in any control cycle, the converter 
must assume a certain state that corresponds to a produced 
voltage (one of the five voltages that it can assume) and the 
ac-side current to follow the reference current. The state that 
the converter assumes is defined by a finite control set model 
predictive control. This strategy is based on the mathematical 
analysis of the circuit with the intent to predict the ac-side 
current as a controlled function of its actual and previous 
values. As it is not the purpose of this paper to detail the 
current control strategy, but to show that the proposed 
converter operates as expected, the current control strategy is 
briefly presented as follows. As a consequence of the 
analysis in terms of the voltages and the currents on the 
ac-side, the following equation is defined: 

$���%&'
$& � ()�%	��%&' � 	*+%&''�� (6)

As shown in Fig. 2, vxy denotes the voltage assumed by 
the converter. Since this is a differential equation, a 
discretization process was used based on the forward Euler 
method, resulting in: 

����� , -� � .()�/	����� � 	*+���0 , ������ � (7)

With this ac-side current (iac[n+1]) and the reference current 
defined by the equation (5), a simple cost function is used: 

1�� , -� � 2���#�� , -� � ����� , -�2� � (8)

where the reference of current in n+1 is extrapolated as: 

���#�� , -� � 3���#��� � 4���#�� � -� , 3���#�� � ��
� ���#�� � 5��� (9)

Posteriorly, the state of the converter is defined for 
minimizing the error according with the result of the cost 
function. 

IV. VALIDATION 
In this section, a set of validations are presented using the 

software PSIM and considering a dc-link voltage of 400 V, 
i.e., 200 V in each capacitor. Fig. 5 presents a result that 
validates the correct operation of the proposed converter as a 
whole, since it shows the three main characteristics properly 
controlled: (i) The levels that the converter can assume (five 
levels); (ii) The sinusoidal current on the ac-side; (iii) The 
controlled voltages on the dc-side for both capacitors. In 
addition to these obvious characteristics, it is also possible to 
verify two distinct cases with respect to the grid voltage. In 
case #1, a sinusoidal grid voltage was considered, without 
any type of undesired characteristic. On the other hand, in 
case #2, it was considered a grid voltage that presents 
harmonic distortion, whose value is about 3%. This result of 
case #2 was considered to verify that, from the point of view 
of the proposed converter, there is no change in its operation 

Fig. 4. Control structure for the proposed multilevel converter. 
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and that, in both cases, the current at the ac-side is sinusoidal 
(with a value of THD of 2.3%). 

In Fig. 6 is presented a result that validates the proposed 
converter in transient-state. For this, a variation of 50% in 
operating power was considered. Initially, it was considered 
a 50% decrease and, later, an increase of 50%. These 
situations were considered as critical for the operation of the 
converter. Under normal operating conditions, with a RES 
interface, such abrupt variations in the operating power 
hardly occurred. Typically, operation changes occur with a 
smoother transition. Still in Fig. 6, the current of the 
converter is highlighted compared to its reference. As it turns 
out, the converter is properly controlled (voltage levels 
produced), allowing the current (control feedback) on the 
ac-side to follow its reference. Although the current control 
is not the focus of this paper, it is verified that for the sudden 
change of 50%, the controlled current reaches its reference in 
just less than 0.2 ms. In this figure, it is also verified that the 
voltages assumed by the converter do not suffer significant 
variations, regardless of the variations in the reference 
current (which are originated due to the change in operating 
power). Following the same line of reasoning, in Fig. 7 is 
presented a result that allows verifying in detail the 
simultaneous crossing by zero of the produced voltage (vxy) 
and grid-side current (iac), although they are in phase 
opposition. The proposed converter was compared with the 
traditional solution based on the fully-controlled full-bridge 

converter. The results obtained are presented in Fig. 8, where 
it is possible to verify the voltage produced by each of the 
converters and the current on the grid-side. In this figure, it is 
also possible to verify in detail the current on the grid-side 
when compared to the reference current. As shown, the 
current of the proposed converter (iac) has a much lower 
ripple value than the current of the fully-controlled 
full-bridge converter (iac_fb), despite the characteristics of the 
model being the same. This situation is due to the fact that 

Fig. 5. Validation in steady-state of the produced voltage (vxy), grid-side 
voltage (vac), grid-side current (iac), dc-side voltages in both capacitors 
(vdc1, vdc2), considering two situations: Case #1 - with a sinusoidal grid-side 
voltage; Case #2 - with a distorted grid-side voltage. 
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to case #3 increasing the power in 50%. 

Fig. 7. Validation in steady-state of the produced voltage (vxy), the 
grid-side voltage (vac) and the grid-side current (iac) when crossing by zero.

Fig. 8. Validation of the proposed converter when compared with the 
traditional solution based on the full-bridge full-controlled converter: 
Grid-side voltage (vac); Produced voltage (vxy, vxy_fb); Grid-side currents 
(iac, iac_fb); Grid-side reference current (iac*). 
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the proposed converter operates with five voltage levels 
instead of the three levels of the traditional solution. 

V. CONCLUSIONS 
The on-grid interface of renewable energy sources (RES) 

requires the use of controlled power converters. In this sense, 
this paper proposes a novel dc-ac power converter that 
allows controlling the injected current into the ac power grid, 
being able to operate with five voltage levels, but with a 
reduced number of switches, this being its main advantage. 
The operation principle of the proposed power converter is 
presented throughout the paper, as well as a description of 
the adopted control system. The proposed topology was 
validated considering different operating conditions, namely 
in steady-state and transient-state, as well as for the most 
relevant ac grid voltage conditions. The obtained results 
allow to validate the proposed topology, highlighting the 
advantages when compared with the more conventional 
solutions. 
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