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Abstract In this paper to improve the grid performance, a 3-@, 7-level inverter is used with solar energy system
(SES) in coordination to the utility grid which undergoes to the power problems. In this paper the active and
reactive power compensation will be done at the grid side. In the event of voltage sag condition, continuity of
power supply has to be there to the grid. A DC/DC converter is used; this integrates a DC-DC boost converter
and a transformer to convert the output voltage of the SES into two independent voltage sources. A new 7-level
inverter is configured using a capacitor with a 3-@ full-bridge power converter, connected in cascade. The
inverter is controlled such that it provides 3-@ balanced voltage condition in all phases by injecting reactive
power. The simulation results presented to validate the performance of proposed converter using
MATLAB/SIMULINK software.
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Introduction

The widespread use of fossil fuels has led to global greenhouse gas emissions. In addition, they will become
more and more expensive as the future supply of fossil fuels is depleted. Hence, the solar energy is gaining
importance with latest environment conditions and residential usage due to rise and decrease of fossil fuel
energy cost and solar array cost respectively [1-2]. The energy conversion interface is important for solar power
systems connected to the grid because it converts the direct current generated by the solar cells into alternating
current and feeds it into the grid [3-8]. A power conversion interface is needed to convert dc power to ac power.
Also as the solar output is low, a dc to dc converter is required to match the dc bus voltage of the inverter by
increasing the output voltage of small capacity generating systems [6-8]. The energy conversion efficiency of
the energy conversion interface is important to ensure that the energy generated by the solar cell system is not
wasted. Active and passive components in the inverter can cause power loss.

Power losses due to active devices include conductivity losses and switching losses. The loss of conductivity is
caused by the use of active devices, and the switching losses are proportional to the voltage and current
variations of each switch and switching frequency. The filter inductor [8] is used to process the switching
harmonics of the inverter, making the power loss proportional to the amount of switching harmonics. The
voltage in each switching operation for the multilevel inverter is varied to increase the efficiency of the power
conversion and the switching voltage of the active device. The number of switching harmonics is also
attenuated, so the power loss caused by the filter inductor is also reduced. Therefore, multi-level inverter
technology [9-15] has been widely used now-a-days. For single-phase seven-level inverters, twelve power
electronic switches are required in a topology with diode terminations and a topology of flying capacitors [10].
Cascaded H-bridge multi-level inverters use asymmetric voltage technology to allow multiple stages of output
voltage, so cascaded H-bridge multilevel inverters are suitable for applications with higher voltage levels. For
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photovoltaic systems, a single-phase inverter connected to the grid was developed. This seven-stage inverter
with grid contains six power electronic switches. However, three DC capacitors are used to build three voltage
levels, resulting in a more complex capacitor balance.

In this paper, a new solar energy system (SES) in coordination to the utility grid is presented. The proposed
solar system includes a DC converter and a 7-level converter. The 7-level inverter comprises of a cascaded
capacitor selection circuit with 6- power electronic switches and a full-bridge converter to make circuit simple.
At any time of switching, one power electronic switch is ON to the high frequency to have a 7-level output
voltage. Hence, the switching power loss is low and energy efficiency is high. Due to the seven output voltages,
the inductance of the filter inductor is also reduced.

Presented Circuit Analysis

Figure-1 below shows the configuration of the proposed solar power system. The presented system have 7-
level inverter comprises of a cascaded capacitor selection circuit with 6- power electronic switches and a full-
bridge converter to make circuit simple. The solar array is interfaced to the DC-DC converter acting as a gain
converter that includes a 2:1 ratio transformer. The DC-DC converter converts the output of the solar system
into two independent multi-relational voltages to power the 7-level inverter, consisting of a capacitor selection
circuit and a full-bridge converter connected in cascade.
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Figure 1: Line diagram of the proposed solar power generation system

The power electronic capacitor switch circuit determines discharge of the both capacitors individually or in
series. Due to the various relationships between the DC capacitor voltages, the capacitor selection circuit output
is 3-level DC voltage. The full bridge converter again converts the three stage DC voltage to a 7-level AC
voltage in coordination with the utility common voltages. In this manner, the proposed solar energy system
produces a sinusoidal output current that is inphase with the utility common voltages and is fed into the utility
that produces a power factor with uniform power. It can be seen that this new 7-level inverter contains only six
power electronic switches, thus simplifying the power supply circuit.

Operation of DC-DC Power Converter:

As shown in Figure-1, the DC-DC converter includes a gain converter and a forward power converter. The gain
converter consists of an inductor, Lp, power electronic switch, Sp; and diode Dpz. The power converter charges
the capacitor C, of the 7-level inverter. The current supplied power converter consists of an inductor, Lp, power
electronic switch, Sp; and Sp,, a transformer and diodes Dp; and Dp,. The current supplied power converter
charges the C; of the 7-level inverter. In addition, the inductor of the current supply power converter, L and the
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power electronic switch Sp; are also used in the gain converter. Below Figure 2(a) shows the operating circuit of
the DC voltage converter when Sp; is turned On. The solar array is powered by the inductor Lp. When Sp; is
turned OFF and Sp; is turned ON, its operation circuit is as shown in Figure 2(b) below.
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Figure 2: Operation of DC-DC power converter (a) Sp; is ON (b) Sp; is OFF

Therefore, the capacitor C; is connected in parallel to the capacitor C, via the transformer such that the energy
of the inductor Lp and the charging capacitor C, by the solar array through DDs, and charge capacitor C;
through the transformer and Dp; during the off state Sp,. Since the capacitors C; and C, are charged in parallel
using a transformer, the voltage ratios of the capacitors C; and C, are the same as the transformer ratio (2:1).
Therefore, the voltages of C; and C, have various relationships. The power inverter operates in continuous
conduction (CCM) mode. The voltages of capacitors C, and C, can be represented as:

Vcl = Vs (D)

! *

2(1-D)
Ve2 = ﬁ * Vs (2)

Where Vs is the output voltage of solar array and D is the duty ratio of Sp;.
In the presented DC-DC power converter, when SD2 is OFF, the energy stored in the magnetic induction is
connected to the C2 capacitor via DD2 and SD1. Since the energy stored in the magnetic induction passes to the
output condenser C2 instead of the direct current source, the energy efficiency is improved. In addition, since
the charging circuits of capacitors C1 and C2 are compact, the power circuit is simplified. Capacitors C1 and C2
are charged in parallel with the transmitter so that their voltages automatically have multiple bonds, hence the
circuit is simplified.

The 7-Level Inverter

The seven-stage inveter consists of a condenser selection circuit and a full bridge power adapter that are
connected in sequence. The operation of the seven-stage reflector can be divided into semi-positive and semi-
cyclic instruments.

For ease of analysis, the electronic switch and the electronic diode are assumed to be ideal, and the capacitors C;
and C, in the constant capacity selection circuit are ideal and equal to V. / 3 and 2V / 3, respectively. Since the
output of the solar system will be sinusoidal and phase controlled using utility voltage, the inverter's 7-layer
output current is also positive during the positive half cycle of the utility. The operation of seven-layer inverter
can be divided into a four modes during positive cycle and negative cycle as shown in the figure 3 and figure 4
below.
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Figure 4: Operation of 7-level inverter in the positive half cycle (a) Mode 5 (b) Mode 6 (c) Mode 7 (d) Mode 8

The capacitor selection circuit is operated in a negative half cycle as same as positive half cycle. The difference
is that the S, and S; of the full bridge power converter are in playback mode during modes 5, 6 and 7 and S, is
also triggered during mode 8 of negative cycle. Accordingly, the output voltage of the capacitor selection circuit
is inverted by the full-bridge power converter, so the output voltage of the seven-level inverter also has four
levels: Vg, -2V /3, -V4/3 and 0. Therefore, the output voltage of the seven-level inverter has the voltage
levels: Ve, 2V4/3, V43, 0, V43, -2Vy/3 and -V4. The 7-level inverter is controlled by the current mode
control and generates power converter control signals via PWM. Depending on the utility voltage, the output
voltage of the 7-level inverter should be divided into two levels. The primary output voltage is higher than the
utility voltage to increase the induction current of the filter and the second output voltage is less than the utility
voltage to reduce the filter's inductive current. In this way, the output current of the can be controlled from
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seven levels for reference current monitoring. Therefore, the output voltage of the inverter must be changed
from seven levels according to the utility voltage. The states of the power electronic switches of the 7-level
inverter are detailed in Table 1 below.

Table 1: States of the power electronic switches of the 7-level inverter

positive half cycle
Ss1 | Ssp | 51 | 82 | 53 54

|‘-’u| Va3 off off | PWM | off off on

Weal3=|vy| Va3 | off | PWM | on | off | off | OB

[Vu| >2Vac/3 PWM | on | on | off | off | OO
negative half cycle
|‘~"u| “Vg/3 off | off | off | °0 | PWM | off

W3 |‘i"u| Vg3 | off | PwM | off | 0 | on | off

|‘-‘u|31>2‘~?¢-"3 M | on | off | 0 | on | off

Since only six power electronic switches are used in the proposed 7-level inverter, the power circuit is
significantly simplified compared with a conventional 7-level inverter. It can be seen that only one power
electronic switch is switched in PWM within each voltage range and the change in the output voltage of the
seven-level inverter for each switching operation is V/3, so switching power loss is reduced. As shown in
figure 3 and 4, only three semiconductor devices are conducting in series in modes 1, 3, 4, 5, 7 and 8 and four
semiconductor devices are conducting in series in modes 2 and 6. This is superior to the conventional multi-
level inverter topologies, in which at least four semiconductor devices are conducting in series. Therefore, the
conduction loss of the proposed seven-level inverter is also reduced slightly.

Simulation Analysis
The performance of the presented system is validated in MATLAB/Simulink software. The figure 5 below
shows the Simulink diagram of the solar power generating system connected to utility grid.
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Figure 5: Simulink diagram of the solar power generating system connected to utility grid
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Figure 6: Simulation results for the ac side of the 7-level inverter: (a) utility voltage, (b) output voltage of
7 -level inverter and (c) output current of the 7-level inverter.
Figure-6 above shows the Simulation results for the AC side of the seven-level inverter. Figure 6(b) shows that
the output voltage of the 7-level inverter has seven voltage levels. The output current of the 7-level inverter,
shown in Figure 6(c), is sinusoidal and in phase with the utility voltage, which means that the grid-connected
power conversion interface feeds a pure real power to the utility. The total harmonic distortion (THD) of the
output current of the 7-level inverter is 4.6%.

Figure 7: Simulation results for the dc side of the seven-level inverter: (a) utility voltage, (b) voltage of
capacitor C2, (c) voltage of capacitor C1 and (d) output voltage of the capacitor selection circuit
Figure 7(b) and (c) show that the voltages of capacitors C2 and C1 of the capacitor selection circuit have
multiple relationships and are maintained at 60 and 120 V, respectively. Figure 7(d) shows that the output
voltage of the capacitor selection circuit has three voltage levels (60, 120, and 180 V).
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Figure 8: Simulation results of the dc—dc power converter: (a) ripple current of inductor, (b) ripple voltage of
capacitor C2 and (c) ripple voltage of capacitor C1.
The above Figure 8(b) and (c) shows that the ripple voltages in capacitors Cland C2 of the capacitor selection
circuit are evident. However, the ripple current in the inductor of the dc—dc power converter is less than 0.5 A
when the average current of inductor is 8 A, as shown in Figure 8(a). Therefore, the ripple voltages in C1 and
C2 are blocked by the dc—dc power converter.

Conclusion

This paper proposes a solar power generation system to convert the DC energy generated by a solar cell array
into AC energy that is fed into the utility. The proposed solar power generation system is composed of a DC/DC
power converter and a seven-level inverter. The seven-level inverter contains only six power electronic
switches, which simplifies the circuit configuration. Furthermore, only one power electronic switch is switched
at high frequency at any time to generate the seven-level output voltage. This reduces the switching power loss
and improves the power efficiency. The voltages of the two DC capacitors in the proposed seven-level inverter
are balanced automatically, so the control circuit is simplified. Experimental results show that the proposed solar
power generation system generates a seven-level output voltage and outputs a sinusoidal current that is in phase
with the utility voltage, yielding a power factor of unity. In addition, the proposed solar power generation
system can effectively trace the maximum power of solar cell array.
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