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Abstract—In this article, an asymmetrical multilevel inverter
(MLI) for employment in PV systems is introduced. Using a uni-
directional isolated dc–dc converter at the input of the system, in
addition to increasing the PV voltage level, prevents reverse power
flow and can be used in high-power applications. This converter
also isolates the PV source from the grid through a high-frequency
transformer. The dc link of the system is connected to the grid
by the proposed 25-level inverter, which significantly reduces the
size of the grid inductor. Most switches of the proposed inverter
operate at the fundamental and low frequencies, and the capacitors
comprise the ability of self-balancing voltage. Also, the isolation
between the sources of the proposed inverter can be done through
a low-power isolated dc–dc converter. In addition to reducing the
number of isolated sources, this converter always maintains the
ratio between the inverter sources and stabilizes the quality of the
output voltage. The injection of active power into the grid is man-
aged by the proportional-resonant controller. Also, it is possible to
exchange reactive power with the grid by the bidirectional proposed
inverter. The proposed inverter is simulated in MATLAB software
for verification and then implemented experimentally.

Index Terms—Asymmetrical multilevel inverter (MLI),
grid-connected converter, level-shifted modulation (LSM),
proportional-resonant (PR) controller, PV application.

I. INTRODUCTION

TODAY, grid-connected PV systems have been widely
considered in various applications due to their numerous

advantages [1], [2]. To eliminate the major disadvantages of
common configurations, the multistring structure is used more.
In this structure, the strings are connected to dc–dc converters
that transfer the output voltage of PV strings to a common dc
bus, and then a central inverter transfers the power to the grid
[3].

In practice, the produced active power by PV arrays is
inherently variable. Power quality issues caused by random
characteristics of renewable energy and harmonics of inverters
are fundamental problems when injecting power into the grid.
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In addition, the high-level penetration of grid-connected PV
systems has caused concern for the facility [4], [5].

Generally, grid-connected PV systems are classified into two
categories, isolated and nonisolated structures. Transformer-
based grid-connected PV systems isolate the load from input
changes and are more suitable for high-power systems [6].
In these systems, isolation is usually provided through a low-
frequency transformer on the grid side which leads to many
disadvantages such as high weight, low efficiency, and high cost.
Also, the system limitations in the face of transient and impulse
loads, as well as the increasing circulating current between
the converters, are problems of nonisolated configuration [7].
High-frequency transformers are used to avoid problems of
electrical isolation by line-frequency transformers [8]. For this
reason, electrical isolation is preferred in the dc–dc stage.

At the same time, in transformerless grid-connected PV
systems that use a conventional step-up circuit, the con-
verter efficiency is reduced due to the boosting of the volt-
age level [9], [10]. In general, it is very difficult to choose
between transformer-based and transformerless structures in
grid-connected PV systems. In addition to mastering all existing
structures, special features required for different applications
should be considered [11].

In micro-grid applications, dc–ac converters are usually clas-
sified according to the number of stages, i.e., single-stage and
double-stage systems. Grid-connected single-stage structures
reduce the energy recovery capability of PV strings and are
preferred for low-power applications [12]. Also, in double-stage
systems, since the voltage level of PV panels is low, a con-
verter with a high conversion ratio at the input and then an
inverter is required for stand-alone ac load or grid-connected
mode. Double-stage converters allow PV panels to operate by a
centralized architecture over a wide range of voltage [13].

Meanwhile, in grid-connected PV systems, the dc–dc con-
verter is an important stage for increasing the voltage level and
electrical isolation between the PV modules and the inverter
[14]. Isolated dc–dc converters are also used to compensate for
deviations in PV panel voltage due to variations in radiation and
temperature and to eliminate leakage currents in the PV module
[15]. These converters can also implement the maximum power
tracking algorithm for PV arrays. Fig. 1 shows the different types
of PV inverters.

Since the cost per watt of the PV system is still high com-
pared to other energy sources, current researches focus on both
reducing production costs and increasing energy production in
the system. In particular, the modern power converters as the
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Fig. 1. Classification of PV inverters.

interface of PV modules to the grid have attracted the attention
of researchers [16]. In general, the levelized cost of energy
(LCOE) has been adopted to quantify and compare the cost of
different PV systems. Accordingly, the inverter configuration,
environmental conditions, reliability, and efficiency of the in-
verter, according to the scale of the PV array, affect the life of
energy utilization and LCOE [17].

The optimal solution to reduce the LCOE index in a large-
scale PV system is to use multilevel inverters (MLIs) instead of
conventional two-level inverters [18]. This converter is also used
to overcome power quality issues due to its harmonic properties
and less electromagnetic interference noise. In addition, using an
MLI can eliminate the need for a line-frequency transformer due
to the reduction of the output total harmonic distortion (THD),
and enable direct connection to the grid [19].

In the meantime, asymmetrical MLIs have become a popular
structure among converters due to increasing the number of
output levels while reducing switches [20]. However, some
asymmetrical MLIs suffer from the inrush current problem due
to the parallel charging of capacitors with sources [21]. In
addition, using an H-bridge to produce negative output levels
in some structures, leads to an increase in the total standing
voltage (TSV) [22]. Also, the need for a large number of isolated
sources [23], [24], [25] and using closed-loop control to balance
the voltage capacitors are among the other problems of these
converters. On the other hand, some asymmetrical structures do
have not the ability of modularity because each bridge operates at
a different voltage. Auxiliary bridges also restore power at some
operating intervals [26]. At the same time, the modularity of PV
systems has the advantages of increasing reliability, availability,
simplicity of protection, and increasing the overall efficiency of
the system in adverse conditions [27].

Meanwhile, structure [28] requires a special type of high-
frequency transformer with multiple outputs to create isolated
sources with different values for a CHB-based single-source
asymmetrical MLI. Using this multiwinding transformer with
a complex design for multilevel operation as well as a large
number of passive devices limits the high-power applications
for this structure. In [29] the high-frequency link (HFL) is used
to generate isolated sources with different values through a
variable source. This structure also suffers from a large number
of passive devices and switches. In addition, the modularity of
the structure is affected by the variable dc source and the high-
frequency H-bridge, which causes increasing switching losses.
Also, this structure does not create isolation between the PV

Fig. 2. Proposed inverter structure.

and the grid. In multi-HFL converters, the number of devices
increases significantly. In the structure [30] which is based on
HFL, the need for additional floating capacitor control is visible,
which results in lower voltage level, control complexity, and
higher THD. Lack of isolation between PV and grid, the power
limitation, and the modulation index of less than 0.85, limit the
structure [31] for low-voltage applications. This structure also
suffers from the problem of reverse power in auxiliary bridges.
At the same time, the elimination of reverse power flow in dc–
dc converters is essential [32]. For this purpose, some papers
have suggested methods such as designing a specific angle of
fire or adding surface jumping. The first method involves the
complexity of system control and the second method increases
the output THD.

To solve the mentioned problems in the previous structures,
in this article, a grid-connected converter for PV applications
is presented. The proposed inverter is given in Section II. In
Section III, the general structure of the PV system is intro-
duced. Simulation and experimental results of the proposed grid-
connected inverter are given in Section IV. Finally, Section V
concludes this article.

II. PROPOSED ASYMMETRICAL MLI

In this section, the structure of the proposed asymmetrical
25-level inverter is introduced and the balancing of the capacitor
voltage, the modulation method, and the modularity of the
structure are explained.

Fig. 2 shows the topology of the proposed inverter, which
belongs to asymmetrical MLIs with a combination of dc sources
and capacitors. This type of structure is used to convert low-
voltage dc sources to high-voltage ac output, especially in PV
farms. To produce the maximum level of output voltage, asym-
metrical sources with a quintuple sequence (VDC1 = 10E and
VDC2 = 2E) have been used in the proposed structure. This
topology includes two capacitors, and bidirectional switches
that increase the output voltage levels from 9 to 25 compared to
conventional structures.

In Table I, the switches, and capacitors status of the proposed
inverter are specified at different output levels. Note that symbols
↑, ↓ and - are used to show the charging, discharging, and no
change status of capacitors, respectively.

According to this table, the current path in different output
levels is drawn in Fig. 3. In this way, blue paths for positive levels
(blue box) and red paths for negative levels (red box) have been
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TABLE I
SWITCHING TABLE OF THE PROPOSED INVERTER

Fig. 3. Current path at different output levels of the proposed inverter.

Fig. 4. TSV of the proposed inverter including blocking voltage by each switch
at different output levels.

Fig. 5. (a) Output voltage levels. (b) Capacitors charging and discharging
intervals. (c) Switching intervals of the proposed inverter.

merged in one figure for optimal display. Based on this figure, the
capacitors are charged in series with the load in all cases. This
prevents inrush currents during startup. Also, because of the
same current path of S3 and S4 at all output levels, it is possible
to remove the anti-parallel diode from these switches, and they
can be single-quadrant switches. These switches can prevent the
reverse flow of current when used in PV systems and are used
for nonregenerative and stand-alone loads. Moreover, in Fig. 4,
the TSV of the proposed inverter is demonstrated based on the
switch status at different output levels. Also, in this figure, the
contribution of each power switch in the tolerance of blocked
voltage is displayed with different colors.

Fig. 5(a) shows the output voltage of the proposed 25-level
inverter along with the reference voltage (blue waveform). The
capacitors’ voltages of the proposed topology are balanced
inherently without using sensors and closed-loop controls and
only through the modulation method. Thus, during an output
period, the duration of charging and discharging capacitors at
the same levels of the output voltage is equal [see Fig. 5(b)].
In this case, the capacitor voltage is fixed on half of the related
source voltage.

The switching of the proposed structure is done based on the
modified LSM method. According to this method, in the levels
of the output waveform that have redundancies, a mode that has
the least changes in the switches compared to the next level is
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TABLE II
NUMBER OF OUTPUT LEVELS IN DIFFERENT MODES OF PROPOSED INVERTER

selected. For this reason, out of 36 possible switching modes in
the proposed structure, 30 modes have been used according to
Table I. This caused a significant reduction in switching losses
in this structure. This type of power loss is one of the serious
challenges in pulsewidth modulation (PWM) based methods.

Moreover, in the proposed inverter, the S3 and S4 are switched
at the fundamental frequency by the modified LSM method. In
this way, unlike the common methods where all the switches are
operated in the carrier frequency, in the proposed structure, most
of the switches are turned ON and OFF at the fundamental and
low frequencies. In Fig. 5(c), the switching pulses are displayed
during an output cycle, in which the switching regions have been
marked in blue. Note that S3 and S5 are complementary to S4
and S6, respectively.

The proposed structure can also be used in high-power ap-
plications in a modular configuration. For this purpose, two
methods have been used to connect the proposed inverter in
cascade form. In the first scenario, the source voltage is the
same in each module. In the second scenario, the source voltage
of modules increases in quintuple sequence.

According to Table II, the number of output levels (NL) based
on the number of modules (n) is calculated in each method. Also,
based on the application, the proposed structure can operate in
other source sequences. The number of output levels in each
sequence is mentioned in this table too.

In the current section, the capacitance of capacitors, power
losses, and efficiency are also calculated. Moreover, a compari-
son is made between the proposed structure and other asymmet-
rical MLIs.

A. Calculation of Capacitances

Equation (1) is employed to calculate the capacitance of the
proposed inverter capacitors

Ca ≥ ΔQ1

ΔVC (5E)
And Cb ≥ ΔQ2

ΔVC (E)
. (1)

In the above equation, ΔVC is the percentage of the capacitor
voltage ripple, which is multiplied by the corresponding voltage
level. Also, ΔQ is the flux deviation which is calculated based
on the largest operation cycle parameter of the capacitors and the
load current according to (2) and (3). In these equations, fo and
RL are the output frequency and load resistance, respectively.

Also, α is in radians and obtained using (4). Note that alpha
values in Fig. 5(a) are calculated according to this equation.

ΔQa =
E

2πfo (RL)
[3 (α3 − α2) + 4 (α4 − α3) + 5 (α5 − α4)

+ 6 (α6 − α5) + 7 (α7 − α6)] (2)

ΔQb =
E

2πfo (RL)
[11 (α11 − α10)] (3)

αz = sin−1
( z

12

)
for 1 ≤ z ≤ 11. (4)

By combining (1) to (3), the capacitance of each capacitor
is calculated based on (5). Thus, in the proposed structure,
the capacitor that has a higher capacitance withstands a lower
voltage and vice versa

Ca ≥ 7α7 − α6 − α5 − α4 − α3 − 3α2

10πfo.ΔVC.RL
And

Cb ≥ 11 (α11 − α10)

2πfo.ΔVC.RL
. (5)

B. Power Loss Calculation

In general, the power losses of the proposed inverter include
the conduction, switching, and capacitor ripple losses. Equation
(6) is related to the calculation of the conduction loss, which is
determined separately in each of the output levels (x) based on
the equivalent circuit of the proposed structure. Note that the
positive and negative levels have the same equivalent circuit

PCx = V i+Ri2 . (6)

In the above equation, V corresponds to Von in the switch and
Vd in the diode. Also, R refers to Ron in the switch, Rd in the
diode, and Rc in the capacitor. As well, i is the load current.

In (7), the average conduction loss in each level is calculated
according to its four times repetition in an output period

PCxavg =
4 (αx − αx−1)

2π
PCx. (7)

The total conduction loss in all levels caused by 12 equivalent
circuits of the proposed inverter is obtained as

PCTotal =

12∑
x=1

PCxavg. (8)

Equation (9) is employed to calculate switching loss. In this
regard, VCE and IC are the blocking voltage of the switch and the
switch current, respectively. Also, fsw is the switching frequency,
as well as ton and toff, are the turning on and off times of the
switch, respectively,

Pswj =
VCE.IC .fsw

6
(ton + toff) . (9)

According to the number of switches (j), the total power losses
of the proposed inverter are determined according to

PswTotal =

12∑
j=1

Pswj . (10)
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Fig. 6. Power losses of the proposed inverter. (a) Contribution of power loss
types. (b) Power loss of each device.

TABLE III
SPECIFICATIONS OF THE PROPOSED STRUCTURE

Calculation of the capacitor ripple loss is done through (11)
in the largest operating time (LOT)

PRy =
1

2T
C(ΔVC)

2 =
1

2T.C

[∫
LOT

i.dt

]2
. (11)

In the above equation, T refers to the output period. The sum
of these losses is determined based on the number of capacitors
(y) in the proposed inverter as

PRTotal =
2∑

y=1

PRy. (12)

Also, the total power loss (13) is calculated by (8), (10), and
(12). Then, the efficiency of the proposed inverter is obtained
based on the output power (Pout) according to (14)

PlossTotal = PCTotal + PswTotal + PRTotal (13)

η =
POUT

POUT + PlossTotal
× 100. (14)

Based on the above equations, the power losses of the pro-
posed inverter are accurately calculated when the output power
has been considered 1 kW. Fig. 6(a) and (b) shows the contri-
bution of power loss types and the power loss of each device in
the proposed inverter, respectively.

Moreover, in Table III, the efficiency of the proposed inverter
is obtained in different modulation indexes and switching fre-
quencies. According to this table, by reducing the modulation
index, the number of output levels is reduced, and as a result,
the efficiency decreases and THD increases.

TABLE IV
COMPARISON OF THE PROPOSED STRUCTURE WITH OTHER ASYMMETRICAL

25LEVEL INVERTERS

Fig. 7. Proposed PV system.

C. Comparative Study

In Table IV, the proposed inverter was compared with other
recent asymmetrical 25-level inverters for a more accurate eval-
uation. Some parameters of this table include the number of
switches (Nsw), gate drivers (Ng), diodes (Nd), capacitors (Nc),
and sources (Ndc). Also, the ratio of TSV to the output voltage
amplitude (TSVpu), the generating method of negative output
levels, and the cost function [which is calculated through (15)]
are other parameters of Table IV

CF = (Nsw +Ng +Nd +Nc + β × TSVpu)× Ndc

NL
. (15)

III. DESCRIPTION OF THE PV SYSTEM

Fig. 7 shows the overall structure of the PV system, which
uses the proposed inverter to transfer the produced power by the
PV cells to the grid.

In this system, to increase the voltage level of the PV cells
and isolate the input from the grid, a high-power isolated dc–dc
(HPIDC) converter can be used. The main isolated dc source
(VC1) of the proposed inverter is supplied directly by the output
of the HPIDC converter. For this purpose, a dual-switch Forward
converter is a suitable choice to operate at higher power. The
switches of this converter use a common pulse. To prevent the
saturation of the transformer, the duty cycle of this pulse should
not be more than 50%. Due to its unidirectional structure, this
converter also prevents the reverse power flow to PV sources,
which is one of the main challenges in these systems. In addition,
the high-frequency transformer in this converter isolates the
PV source from the output, which is much smaller in volume
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Fig. 8. Control diagram of the HPIDC converter.

and weight than line-frequency transformers, thus reducing the
overall cost of the system.

On the other hand, using a flyback converter as a low-power
isolated dc–dc (LPIDC) converter reduces the number of isolated
sources required for the proposed MLI. This converter is sup-
plied by the HPIDC converter and generates the second isolated
dc source (VC2) of the proposed inverter. The LPIDC converter
is associated with high-frequency switches and only processes a
small share of the output power. In this case, the high-frequency
transformer of this converter will be small.

Besides, the switches related to the main source of the pro-
posed inverter, which is responsible for processing most of
the output power, are operated at the fundamental and low
frequencies through the modified LSM method. This improves
efficiency and makes the structure a suitable choice for high-
power applications. Also, one of the most important features
of the modulation method in grid-connected PV systems is the
THD reduction of injected current to the grid. In the meantime,
the LSM method can be a good option for these systems due to
its simplicity and unique harmonic profits.

A. Control Method

Fig. 8 shows the control diagram of the HPIDC converter.
According to this figure, VC1 is controlled to achieve MPPT
by this converter and the controller can effectively manage the
PV voltage along with VC1, ensuring the MPPT algorithm. In
this control method, first, VC1 is compared with its reference
value (VC1

∗) and the error signal enters the PI controller. On
the other hand, in grid-connected PV systems, the power of
the PV module is proportional to the effective value of the
output current, regardless of the system losses. This current is
dependent on the output of the PI controller (UDC). Therefore,
in this case, the MPPT algorithm can be implemented simply by
using the signal UDC [33]. At the same time, MPPT algorithms
that use the output voltage and current of the PV module are
costly and complicated.

Also, according to the proposed structure, one-fifth of VC1

must always be generated by the LPIDC converter. Therefore,
to reduce the control complexity, an open-loop control method
can be used for this converter. In this way, the duty cycle, and
turn ratio of the isolated transformer in the mentioned converter
are tuned to generate VC2 for the proposed MLI. If the main
source of the proposed inverter does not have the nominal value,
one-fifth of the main source is still transferred to the second
source. This stabilizes the quality of the output waveform. In
fact, due to using a single source in the structure, the proposed
inverter sources are automatically balanced.

On the other hand, according to Fig. 9, the proposed grid-
connected inverter of the PV system uses a closed-loop control

Fig. 9. Control algorithm of the proposed grid-connected inverter in the PV
system.

algorithm to manage active power injection and reactive power
exchange.

In the dual-loop current control method, first, the phase of
the grid voltage (θ) is obtained by a phase-locked loop (PLL).
Then the reference phase (θ∗), which is the phase difference
between the grid voltage and current, can be added to the grid
phase and determines the required power type. To inject the
maximum active power into the grid, the reference phase should
be considered zero. Also, to avoid reverse active power flow,
the reference phase must be in the first and fourth quadrants.
In addition, for injecting and consuming the reactive power by
the inverter, the reference phase must be selected in the first and
fourth quadrants, respectively.

In the next step, according to the amount of injected active
power into the grid, the amplitude of the reference current (Im

∗)
is determined and multiplied by the sine wave with the obtained
phase of the previous step, and the reference current is created

Is
∗ = Im

∗ sin (θ + θ∗). (16)

According to (17) and (18), the grid current is determined by
writing the KVL equation in the output loop

Vo − Ls

(
dIs
dt

)
− Vs = 0 (17)

Is =
1

Ls

∫
(Vo − Vs) dt . (18)

In the above equations, Vo and Ls are the output voltage of
the inverter and the grid inductor, respectively. The reference
current is compared with the grid current in the inner loop based
on (19) and the error signal (ε) will enter the current controller.

ε = Is
∗ − Is . (19)

To eliminate the steady-state error in the grid current and
also to make the system robust to input and grid changes, a
proportional-resonant (PR) controller is employed [34]. Accord-
ing to (20), this controller improves the main harmonic of the
grid current and reduces the low-order harmonics in this current
and THD. In this equation, ωc and ωi are the angular cut-OFF, as
well as the main and third-order frequencies, respectively. Also,
Kp and KRi are the proportional and resonant coefficients of the
main and third order harmonics in the PR controller, respectively,

Vo
∗ = ε

[
kP + kR1

(
2ωcS

S2 + 2ωcS + ω1
2

)
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TABLE V
COMPARISON OF THE PROPOSED PV SYSTEM WITH OTHER SIMILAR

STRUCTURES

+ kR3

(
2ωcS

S2 + 2ωcS + ω3
2

)]
. (20)

Finally, the reference voltage (Vo
∗) is generated by the con-

troller and the switching pulse is applied to the inverter switches
through the LSM.

Moreover, in double-stage PV systems, due to changes in the
output voltage of PV modules caused by temperature, irradi-
ation, and MPPT, the dc link voltage of the inverter must be
stabilized at the desired value. This duty in these systems is the
responsibility of the inverter controller and is independent of
the dc–dc converters. This prevents the dc–dc converter from
operating in open-circuit conditions when the inverter starts
up early. Therefore, in Fig. 9, Im

∗, as mentioned earlier, is
determined based on UDC. Also, θ∗ in this figure is determined
based on the ratio of VC1 and VC1

∗. So if VC1 is more, then θ∗

is positive and the reactive power is transferred to the grid. On
the other hand, if VC1 is fewer, θ∗ is negative and the reactive
power is transferred from the grid to the dc-link capacitor.
This compensates for dc link voltage changes during start-up
and cloudy conditions, by using the bidirectional power flow
capability of the proposed inverter.

B. Comparative Study

In this section, according to Table V, the introduced PV
system has been compared to other related structures in different
indicators including the number of devices, gain, isolation, the
number of output voltage levels, the complexity of the control
method, and usability in PV systems.

In this table, Nm, Nsw, Nd, Nc, Nt, and NL represent the
number of modules, switches, diodes, capacitors, transformers,
and output voltage levels, respectively. In the PV system, the
source sequence of the proposed inverter is quintuple, and unlike
other structures, it only needs two isolated sources.

Also, in this table, Mgain shows the overall gain of the system.
According to (21), this parameter is the ratio of the maximum
output voltage and the input voltage value (Vin). According to
(22), Mboost is related to the turn ratio of the transformer and
duty cycle of the switches in the HPIDC converter. Also, the gain
of the proposed inverter will be equal to unity. In grid-connected
PV systems, it is better to increase the voltage level in the first
stage through a dc–dc converter. Because the boosting MLIs face
a serious challenge due to voltage drop and high capacitance in
the grid-connected mode.

Mgain =
max (Vo)

Vin
(21)

Mboost = Dfw
n2

n1
. (22)

TABLE VI
SIMULATION AND EXPERIMENTAL PARAMETERS OF THE PROPOSED INVERTER

Fig. 10. (a) Output waveforms. (b) THD of output current at the simulated
proposed grid-connected inverter.

In the mentioned system, the ratio of the number of levels to
the number of devices is more than in similar structures. Also,
this system isolates the sources from the grid, can be used in PV
systems, and its control complexity is at the lowest level.

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the proposed inverter was first simulated in
MATLAB-SIMULINK software and then implemented exper-
imentally. The parameters’ values of the proposed inverter are
similar in both modes and are given in Table VI.

Fig. 10(a) shows the output voltage of the proposed inverter
as well as the grid voltage and current during the injection of
active power. Also, according to the FFT analysis in Fig. 10(b),
the THD of injected current into the grid is much lower than
the allowed limit in the IEEE 519 standard due to using the PR
controller.

As shown in Fig. 11, finally the proposed system was im-
plemented experimentally. In the closed-loop structure of the
proposed system, the grid voltage and current are entered into
the control algorithm through the sensor. Then, the switching
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Fig. 11. Implemented proposed grid-connected inverter in the lab.

Fig. 12. Blocking voltage by power switches of the proposed inverter.

Fig. 13. Output voltage and capacitors voltage of the proposed inverter during
the start-up.

pulse produced by the LSM method is applied to the switch
driver and the power circuit.

Based on the output voltage of the proposed inverter which
is related to the dc sources, the blocking voltage of the inverter
switches is shown in Fig. 12. According to this figure, S3 and S5
are complementary with S4 and S6, respectively.

Fig. 13 demonstrates the output voltage of the proposed
inverter and the capacitor voltage during startup. Based on this
figure, without using closed-loop control, the capacitor voltage
is stabilized through the self-balancing method on the desired
level with the allowable ripple.

Fig. 14. Output waveforms and capacitors voltage of the proposed grid-
connected inverter when injection of active power.

Fig. 15. Output waveforms of the proposed grid-connected inverter in the (a)
in-phase, (b) lead, and (c) lag situation of the grid current.

Fig. 14 shows the capacitor voltage of the proposed inverter
during active power injection. These capacitors are also fixed on
26 V and 130 V, respectively.

According to the phase sign of the reference current, active
power injection into the grid or reactive power exchange is
performed by the inverter, as shown in Fig. 15. In all cases,
the 25-level output voltage is synchronous with the grid voltage
through the PLL.

It is also possible to control the amount of power injected into
the grid by changing the amplitude of the reference current in the
control loop. In Fig. 16, the grid current is changed suddenly. The
optimal performance of the system is retained in both modes.

In the last part of the implementation, two different scenarios
for feeding the load by the grid-connected proposed inverter
are considered. To estimate the dynamic performance of the
system, step loads are supplied by the inverter in both scenarios.
According to Figs. 17 and 18, in the first scenario, a linear load
and in the second scenario, a non-linear load is placed in the
output of the inverter, respectively. In these cases, the inverter
provides the current of the step loads during the power injection
into the grid and the output voltage of the inverter remains
unchanged.
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Fig. 16. Output waveforms of the proposed grid-connected inverter when
(a) increasing grid current and (b) decreasing grid current.

Fig. 17. Output waveforms of the proposed grid-connected inverter when
(a) increasing linear load and (b) decreasing linear load.

Fig. 18. Output waveforms of the proposed grid-connected inverter when
(a) increasing nonlinear load and (b) decreasing nonlinear load.

Fig. 19. Efficiency of the proposed inverter.

Finally, the efficiency curve of the proposed inverter in dif-
ferent output powers was obtained and plotted based on the
theoretical calculation (see Section II-B), and experimental test
as shown in Fig. 19.

V. CONCLUSION

In this article, a grid-connected asymmetrical MLI for PV
applications was presented. The isolation between the input and
the grid in the PV system could be done through the HPIDC
converter. Thus, the size and weight of the transformer have been
significantly reduced. This system could be implemented with
a single source by the LPIDC converter. The proposed inverter
including multiple advantages transmits power to the grid. The
capacitors of the proposed inverter are charged in series with
the load to avoid inrush current, and their voltage is balanced
without the use of sensors or complex control algorithms. Also,
the proposed inverter switches are operated at low frequencies to
reduce switching loss and improve efficiency. The simple control
algorithm could easily determine the type and amount of power
exchange to the grid. Also, the proposed structure was compared
in different parameters with the related converters presented in
recent years. The obtained simulation and experimental results
in different conditions demonstrated the optimal performance of
the system.
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