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ABSTRACT
This paper proposes a new solar power generation system, which is composed of a dc/dc power converter and a
new seven-level inverter. The dc/dc power converter integrates a dc—dc boost converter and a transformer to
convert the output voltage of the solar cell array into two independent voltage sources with multiple
relationships. This new seven-level inverter is configured using a capacitor selection circuit and a full-bridge
power converter, connected in cascade. The capacitor selection circuit converts the two output voltage sources
of dc—dc power converter into a three-level dc voltage, and the full-bridge power converter further converts this
three-level dc voltage into a seven-level ac voltage. In this way, the proposed solar power generation system
generates a sinusoidal output current that is in phase with the utility voltage and is fed into the utility. The
salient features of the proposed seven-level inverter are that only six power electronic switches are used, and
only one power electronic switch is switched at high frequency at any time. A prototype is developed and tested
to verify the performance of this proposed solar power generation system.

Keywords—Grid-connected, multilevel inverter, pulse-width modulated (PWM) inverter.

I.INTRODUCTION

The extensive use of fossil fuels has resulted in the global problem of greenhouse emissions. Moreover, as the
supplies of fossil fuels are depleted in the future, they will become increasingly expensive. Thus, solar energy is
becoming more important since it produces less pollution and the cost of fossil fuel energy is rising, while the
cost of solar arrays is decreasing. In particular, small-capacity distributed power generation systems using solar
energy may be widely used in residential applications in the near future [1], [2]. The power conversion interface
is important to grid connected solar power generation systems because it converts the dc power generated by a
solar cell array into ac power and feeds this ac power into the utility grid. An inverter is necessary in the power
conversion interface to convert the dc power to ac power [2], [3]. Since the output voltage of a solar cell array is
low, a dc—dc power converter is used in a small-capacity solar power generation system to boost the output
voltage, so it can match the dc bus voltage of the inverter. The power conversion efficiency of the power
conversion interface is important to insure that there is no waste of the energy generated by the solar cell array.

The active devices and passive devices in the inverter produce a power loss. The power losses due to active
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devices include both conduction losses and switching losses [4]. Conduction loss results from the use of active
devices, while the switching loss is proportional to the voltage and the current changes for each switching and
switching frequency. A filter inductor is used to process the switching harmonics of an inverter, so the power
loss is proportional to the amount of switching harmonics.

This paper proposes a new solar power generation system. The proposed solar power generation system
is composed of a dc/dc power converter and a seven-level inverter. The seven level inverter is configured using a
capacitor selection circuit and a full-bridge power converter, connected in cascade. The seven-level inverter
contains only six power electronic switches, which simplifies the circuit configuration. Since only one power
electronic switch is switched at high frequency at any time to generate the seven-level output voltage, the
switching power loss is reduced, and the power efficiency is improved. The inductance of the filter inductor is
also reduced because there is a seven level output voltage. In this study, a prototype is developed and tested to

verify the performance of the proposed solar power generation system.

I1.CIRCUIT CONFIGURATION

Fig. 1 shows the configuration of the proposed solar power generation system. The proposed solar power
generation system is composed of a solar cell array, a dc—dc power converter, and a new seven-level inverter.
The solar cell array is connected to the dc—dc power converter, and the dc—dc power converter is a boost
converter that incorporates a transformer with a turn ratio of 2:1. The dc—dc power converter converts the output
power of the solar cell array into two independent voltage sources with multiple relationships, which are
supplied to the seven-level inverter. This new seven-level inverter is composed of a capacitor selection circuit
and a full-bridge power converter, connected in a cascade. The power electronic switches of capacitor selection
circuit determine the discharge of the two capacitors while the two capacitors are being discharged individually
or in series. Because of the multiple relationships between the voltages of the dc capacitors, the capacitor
selection circuit outputs a three-level dc voltage. The full-bridge power converter further converts this three-
level dc voltage to a seven-level ac voltage that is synchronized with the utility voltage. In this way, the
proposed solar power generation system generates a sinusoidal output current that is in phase with the utility
voltage and is fed into the utility, which produces a unity power factor. As can be seen, this new seven-level

inverter contains only six power electronic switches, so the power circuit is simplified.
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Fig. 1: Configuration of the proposed solar power generation system

I1I.SEVEN-LEVEL INVERTER

As seen in Fig. 1, the seven-level inverter is composed of a capacitor selection circuit and a full-bridge power
converter, which are connected in cascade. The operation of the seven level inverter can be divided into the
positive half cycle and the negative half cycle of the utility. The voltages of both capacitors C1 and C2 in the
capacitor selection circuit are constant and equal to VVdc/3 and 2Vdc/3, respectively. Since the output current of
the solar power generation system will be controlled to be sinusoidal and in phase with the utility voltage, the
output current of the seven-level inverter is also positive in the positive half cycle of the utility. The operation of
the seven-level inverter in the positive half cycle of the utility can be further divided into four modes, as shown
in Fig. 2.

Mode 1: The operation of mode 1 is shown in Fig. 2(a). Both SS1 and SS2 of the capacitor selection circuit are
OFF, so C1 is discharged through D1 and the output voltage of the capacitor selection circuit is Vdc/3. S1 and
S4 of the full-bridge power converter are ON. At this point, the output voltage of the seven-level inverter is
directly equal to the output voltage of the capacitor selection circuit, which means the output voltage of the
seven-level inverter is Vdc/3.

Mode 2: The operation of mode 2 is shown in Fig. 2(b). In the capacitor selection circuit, SS1 is OFF and SS2 is
ON, so C2 is discharged through SS2 and D2 and the output voltage of the capacitor selection circuit is 2Vdc/3.
S1 and S4 of the full-bridge power converter are ON. At this point, the output voltage of the seven-level inverter
is 2Vdc/3.

Mode 3: The operation of mode 3 is shown in Fig. 2(c). In the capacitor selection circuit, SS1 is ON. Since D2
has a reverse bias when SS1 is ON, the state of SS2 cannot affect the current flow. Therefore, SS2 may be ON or
OFF, to avoiding switching of SS2. Both C1 and C2 are discharged in series and the output voltage of the
capacitor selection circuit is Vdc. S1 and S4 of the full-bridge power converter are ON. At this point, the output

voltage of the seven-level inverter is Vdc.
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Mode 4: The operation of mode 4 is shown in Fig. 2(d). Both SS1 and SS2 of the capacitor selection circuit are
OFF. The output voltage of the capacitor selection circuit is Vdc/3. Only S4 of the full-bridge power converter is
ON. Since the output current of the seven-level inverter is positive and passes through the filter inductor, it
forces the anti parallel diode of S2 to be switched ON for continuous conduction of the filter inductor current. At
this point, the output voltage of the seven level inverter is zero. Therefore, in the positive half cycle, the output
voltage of the seven-level inverter has four levels: Vdc, 2Vdc/3, Vdc/3, and 0. In the negative half cycle, the

output current of the seven-level inverter is negative.
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Fig. 2: Operation of the seven-level inverter in the positive half cycle, (a) mode 1, (b)
mode 2, (c) mode 3, and (d) mode 4.

IV.HARDWARE MODEL

o Fig. 3 shows the control block diagram for the seven-level inverter. The control object of the seven-level
inverter is its output current, which should be sinusoidal and in phase with the utility voltage.

e The utility voltage is detected by a voltage detector, and then sent to a phase-lock loop (PLL) circuit in order
to generate a sinusoidal signal with unity amplitude.

e The voltage of capacitor Cz is detected and then compared with a setting voltage.
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Fig.3 Hardware Block Diagram

e The compared result is sent to a PI controller. Then, the outputs of the PLL circuit and the PI controller are
sent to a multiplier to produce the reference signal, while the output current of the seven-level inverter is
detected by a current detector.

o The reference signal and the detected output current are sent to absolute circuits and then sent to a sub tractor,
and the output of the sub tractor is sent to a current controller. The detected utility voltage is also sent to an
absolute circuit and power electronic switches of the seven-level inverter, according to Table I.. The current
controller controls the output current of the seven level inverter, which is a sinusoidal signal of 60 Hz..

e The control block diagram for the dc—dc power converter. The input for the DC-DC power converter is the
output of the solar cell array. Therefore, the ripple voltages in C1 and C2 must be blocked by the dc—dc
power converter to provide improved MPPT.

o Accordingly, dual control loops, an outer voltage control loop and an inner current control loop, are used to
control the dc—dc power converter. Since the output voltages of the DC-DC power converter comprises the
voltages of C1 and C2, which are controlled by the seven-level inverter, the outer voltage control loop is used

to regulate the output voltage of the solar cell array.
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e The output voltage of the solar cell array and the inductor current are detected and sent to a MPPT controller
to determine the desired output voltage for the solar cell array.Then the detected output voltage and the

desired output voltage of the solar cell array are sent to a sub tractor and the difference is sent to a PI control.

V.EXPERIMENTAL RESULTS

To verify the performance of the proposed solar power generation system, a prototype was developed with a
controller based on the DSP chip TMS320F28035. The power rating of the prototype is 500 W, and the
prototype was used for a single-phase utility with 110Vand 60 Hz. Table 1l shows the main parameters of the
prototype. Figs. 4 show the experimental results for the seven level inverter when the output power of solar

power generation system is 500 W.
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Fig. 4: Experimental results for the ac side of the seven-level inverter: (a) utility voltage, (b)
output voltage of seven-level inverter, and (c) output current of the seven-level inverter

Fig. 4 shows the experimental results for the AC side of the seven-level inverter. Fig.4 (a) Shows utility voltage,
Fig. 4(b) shows that the output voltage of the seven-level inverter has seven voltage levels. The output current of
the seven-level inverter, shown in Fig. 4(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 seven-level inverter is 3.6%.
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Photo 1: Prototype Hardware Model

Table 1: Parameters of Prototype

DC-DC POWER CONVERTER

INPUT VOLTAGE 70V

INDUCTOR ImH
PWM FREQUENCY 15360Hz

SEVEN LEVEL INVERTER

CAPACITOR C1, C2 1000pF

FILTER INDUCTOR 1.9mH
PWM FREQUNCY 15360Hz

VII. 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.
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In addition, the proposed solar power generation system can effectively trace the maximum power of solar cell

array.

REFERENCES

[1] R. A. Mastromauro, M. Liserre, and A. Dell’Aquila, “Control issues in single-stage photovoltaic systems:
MPPT, current and voltage control,” IEEE Trans. Ind. In format., vol. 8, no. 2, pp. 241-254, May. 2012.

[2] Z. Zhao, M. Xu,Q. Chen, J. S. Jason Lai, and Y. H. Cho, “Derivation, analysis, and implementation of a
boost—buck converter-based high-efficiency pv inverter,” IEEE Trans. Power Electron., vol. 27, no. 3, pp.
1304-1313, Mar. 2012.

[3] J.-M. Shen, H. L. Jou, and J. C. Wu, “Novel transformer-less grid connected power converter with negative
grounding for photovoltaic generation system,” IEEE Trans. Power Electron., vol. 27, no. 4, pp. 1818— 1829,
Apr. 2012.

[4] N. Mohan, T. M. Undeland, and W. P. Robbins, Power Electronics Converters, Applications and Design,
Media Enhanced 3rd ed. New York,

NY, USA: Wiley, 2003.

[5]X. She, A. Q. Huang, T. Zhao, and G. Wang, “Coupling effect reduction of a voltage balancing controller in
single-phase cascaded multilevel converters,” IEEE Trans. Power Electron., vol. 27, no. 8, pp. 3530-3543,
Aug. 2012.

[6]J. Chavarria, D. Biel, F. Guinjoan, C. Meza, and J. J. Negroni, “Energy-balance control of PV cascaded
multilevel grid-connected inverters un-der level-shifted and phase-shifted PWMs,” IEEE Trans. Ind.
Electron., vol. 60, no. 1, pp. 98-111, Jan. 2013.

[7]S. Srikanthan and M. K. Mishra, “DC capacitor voltage equalization in neutral clamped inverters for
DSTATCOM application,” IEEE Trans. Ind.Electron., vol. 57, no. 8, pp. 2768-2775, Aug. 2010.

[8]J. D. Barros, J. F. A. Silva, and E. G. A Jesus, “Fast-predictive optimal control of NPC multilevel
converters,” IEEE Trans. Ind. Electron., vol. 60, no. 2, pp. 619-627, Feb. 2013.

[9]S. Thielemans, A. Ruderman, B. Reznikov, and J. Melkebeek, “Improved natural balancing with modified
phase-shifted PWM for single-leg five-level flying-capacitor converters,” IEEE Trans. Power Electron., vol.
27, no. 4, pp. 1658-1667, Apr. 2012.

800 |Page




