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Abstract

The reserve of conventional energy sources such as coal, natural gas, and crude oil are rapidly
decreasing with increasing demand of electricity in the world. Also, the fossil fuels cause air
pollution, global warming and similar environmental problems. Therefore, recent studies have
become widespread about renewable energy sources (RESs) such as biomass, hydropower,
geothermal, wind and solar which are the most popular worldwide. Among other RESs, solar energy
is assumed as the best alternative to conventional sources of energy. In this study, a micro inverter
(MI) is designed by using isolated boost converter on dc-dc side and Full Bridge Inverter for dc-ac
conversion. The power capacity of designed Ml is rated at 10kW where the input voltage is 55 V while
output voltage is converted to 230 Vrms at 50 Hz frequency. Two different controllers are used
against changing irradiation conditions in this work. The boost converter is controlled by an INC
MPPT controller. The PI controller and Fuzzy Logic Controller are used to control the Bridge
Inverter and the result of both the control methods have been compared.
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INTRODUCTION

Electricity is mostly generated by using conventional sources of energy such as coal, natural gas,
crude oil etc. around the globe. Recently, the reserves of conventional sources have gradually decreased
while electricity demand has been increased. The use of conventional energy sources causes
environmental pollution and global climate change. Hence, research work on RESs have increased
rapidly. It is obvious that renewable energy sources (RESS) are abundant, clean, environment friendly
and sustainable. Solar energy is most preferred among all others. Among all solar technologies,
photovoltaic (PV) module that is comprised by PV cells is the most significant device in terms of
generation electricity. The desired output voltage (V), current (I) and power (P) values of PV modules
are obtained by connecting solar cells in series and parallel. Central inverter, string inverter and Ml are
the major types of inverter configurations in
commercial use. The central (Cl) and string inverter
(SI) are used for household and commercial
applications where PV modules are connected in
series or parallel to generate higher DC voltage [1-3].
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Hence partial shading can affect PV systems with CI
or Sl. The central and string inverter systems have
some disadvantages such as no expandability, safety
problems etc. The Mls are designed to be used for
individual PV modules with low power rates. Thus,
the MI has individual MPPT which is used to acquire
maximum power from PV module and so it
overcomes partial shading condition of PV system.
The PV systems consist of single or more MI. When a
MI in the PV system does not function, other units
continue working. The MI has advantages such as
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suitability for residential applications, better efficiency and noncomplex structure. However, the cost of
M1 is the highest among other types of inverters. In this paper, a M| has been modelled with Isolated
boost converter and Full Bridge inverter topologies. The Boost converter & the HF transformer are used
to increase the input DC voltage to generate appropriate output voltage. The converter is controlled to
obtain maximum power of PV module using Incremental Conductance MPPT algorithm with integral
regulator which tracks MPP in changing irradiation situations. Firstly, the Pl controller is used to control
the single-phase bridge inverter. Then the FLC has been used to control the inverter. Although the
output of M1 is set to 230 Vrms at 50 Hz line voltage, it is not connected to utility grid and is used as a
standalone inverter configuration for supplying light domestic loads. This paper is organized in
following order: 2nd section introduces the circuit configuration of designed MI while the MI design
studies have been presented in 3rd section. The MI simulation and analysis studies are given in 4th
section and conclusions are presented in the last section.

CIRCUIT CONFIGURATION OF DESIGNED Ml

Figure 1 shows the schematic diagram of designed MI which is comprised of isolated boost
converter, Full Bridge inverter and filter circuit. The converter section includes high frequency (HF)
transformer which ensures galvanic isolation between the source and load, switch S, diode D1 and
capacitor C1. The duty cycle of S which is an IGBT is determined by MPPT algorithm. The single-
phase Bridge inverter is comprised of four IGBTs and is controlled, firstly by PI controller and next
by Fuzzy Logic Controller. The switching pulses for inverter switches are generated via sinusoidal
pulse width modulation (SPWM). LC filter is used to eliminate harmonics and to obtain pure
sinusoidal waveform at the output of M.

In this study, the output voltage of PV module is around 55.75V DC and the output of designed Ml
is 230 Vrms at 50 Hz. The output maximum power capacity of Ml is set to 10kW. The Incremental
Conductance MPPT algorithm is used to define duty cycle of switch S in dc-dc conversion. The
output voltage of PV module is amplified up to 59 to 60 V DC with boost converter. The HF
transformer used has 1:3 transformation ratio. The output voltage of the converter and HF transformer
provides input voltage of single-phase bridge inverter where dc-ac conversion is performed. Table |
presents the parameters of the PV module that is arranged according to a commercial PV module used
in the modelled system [4-7].

H-Bridge
Boost Converter Inverter LC Filter
L Bt R LTy
| HF ool 1 :
| Transforme. [S1 >=S2 = : :
o C | = = fa)
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Figure 1. The structure of designed MI.
Table 1. PV module parameters.
Parameters Value
Maximum power 305.226W
Voc, Open circuit voltage 55.75V
Vpm, Maximum power voltage 54.7V
Isc, Short circuit current 6.14A
Ipm, Maximum power current 5.76A
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DESIGNED MICRO-INVERTER
Boost Converter

The dc to dc converter is quite important in PV system since the generated voltage from PV panel is
not adequate to meet the load demand itself. The boost converter is also called step-up converter since
value of input dc voltage is increased to a higher level [8]. It temporarily stores the input energy and
then releases it into the output as a higher voltage level. This storage is performed in inductors or
capacitors [9]. The capacitor is used to reduce oscillation in the output voltage wave form. For
minimizing the switching power losses, a switching device is used with switching pulse that is
generated by the MPPT controller [10]. Figure 2 shows circuit diagram of boost converter where the
design parameters are given below.

V.
Vour = —=

lobTe
C2 0.D.1S
— Vin.D

AVmax
T ALfs

The step-up converter is operated in two mode that are based on charge and discharge of the
reactive components. In the first operation mode, the switching device is turned to the "on™ position
and the inductor is charged to an energy level. In the next step, the switch is turned to the "off"
position, and the reactive energy is discharged to the output to supply the load. The operation modes
are illustrated in Figures 3—4, respectively.
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Figure 2. Structure of boost converter.
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Figure 3. Structure of boost converter while the switch is "on".
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Figure 4. Structure of boost converter while the switch is "off".
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First Operation Mode (0<t<toff)

Figure 3 shows the equivalent circuit while the switching device is conducting. At this interval, the
switch is in "on" position and the diode is reverse biased. The inductor current is increased from the
minimum value to the maximum value throughout ton interval uptill the switch is turned off. As the
switch is turned off, the second operation mode starts.

Second Operation Mode (toff <t<T)

The circuit of second operation mode is shown in Figure 4. The accumulated energy in the inductor
is added to the source voltage, thus its forward biases the power diode, and charges the capacitor to
supply the load. Therefore, the voltage at output is increased as compared to the input voltage.

This continues until the IGBT is switched on again. The current through the inductor decreases
from its maximum value to the minimum value. In case the inductor current is less than the required
current to supply the output while the switch is in the "off" condition, the output of the converter will
not be stepped up to the desired value. The inductor and capacitor values should be calculated in order
to prevent the converter to operate in DCM. The calculated values of the modelled boost converter are
given in Table 2.

Table 2. Parameters of boost converter.

Parameters Value
Input Capacitor 47 microF
Inductor 520 microH
fsw, Switching frequency 10 kHz
Vin, Input voltage of boost converter 55.75V
Vout, Output voltage of boost converter 50-59V

MPPT Controller

The MPPT algorithm is required for obtaining maximum power from the PV panel in changing solar
irradiance conditions and varying panel temperature [11]. Many MPPT algorithms for PV systems are
studied such as fractional SC current, fractional OC voltage, P&O, incremental conductance and others.
The incremental conductance technique has been used in this model as its performance is better in
changing environmental conditions. The V and | measurement units are used to obtain output voltage
and current value of PV panel. The slope of the PV array should be zero at MPP as shown in Figure 5. If
the slope is positive, it means that the tracking point is on the left of MPP.

350 T ;
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300 - / 25 °C
250 MPP ]
s Left of MPP Right of MPP
& dI/dvV>-I/V dI/dV< -I/'V
$ 200 i
[
o
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Figure 5. PV curve with INC MPPT controller.
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Otherwise if slope is negative, it means that the tracking point is on the right of MPP. The base
equations of this algorithm are given below.

P=V.
dP_H_V dl
av av
dP_I+V dl _ o
av av

dil I (dP=0)
av v dv
dl S I (dP > 0)
av vV av
dl < I (dP <0)
dv Vv ooav
Figure 6 shows flowchart of incremental conductance algorithm. Although incremental

conductance algorithm is complex, but it ensures better control under changing atmospheric
conditions and tracks MPP faster than other techniques.
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Figure 6. Algorithm of the incremental conductance.

H-Bridge Inverter with Pl Controller

The bridge inverter performs the dc-ac conversion by alternative switching of the IGBTs. The
output voltage of inverter is a periodic waveform, but its not sinusoidal. The H bridge circuit topology
containing four switching components and dc source has been shown in Figure 7 [12-14].

The switching situations are shown in Table 3. There are four different switching situations to
generate the output voltage waveform.
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Figure 7. Circuit of H-bridge inverter.

Table 3. Switching situations of H-bridge.

Switching Conditions Conducting Switches Va Vb Vout

1 Sland S2 VI2 -V/2 V

2 S3and S4 -VI2 V12 -V

3 S1and S4 V/2 V/2 0

4 S3and S2 -V/2 -V/2 0
04 NLANR A v

U T I ULJL LT
I

Voltage (V)
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—
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Time (sec)
Figure 8. SPWM generation (a) Comparison between triangular waveform and sinusoidal reference
waveform (b) Switching pulse of S1 and S2 (c) Switching pulse of S3 and S4 (d) Output voltage
waveform.

The first two situations are used to generate AC output voltage in the table. In order to acquire these
situations, pulse width modulation (PWM) is commonly used as a switching technique. There are
more than one PWM techniques. The SPWM is the most preferred technique that operates by
comparing the sinusoidal reference wave and triangular waveform. The triangular waveform
determines switching frequency of inverter. The Frequency of reference waveform determines the
frequency of inverter o/p voltage. Figure 8. shows generation of SPWM [15].

PI controller is used to reduce the error between the reference voltage and actual o/p voltage values.
The reference voltage signal is compared with output voltage signal which is used as feedback signal.
Then the error between the two signals is determined for input of Pl controller and modulation index
value is obtained. The modulation index is multiplied with the sinusoidal reference wave and this is
compared with the triangular wave. Thus, switching pulse is generated for H-bridge inverter, as
shown in Figure 9. The Kp value is set to 3.5 and Ki value is set to 0.0023 in this study where these
values are determined by using Ziegler-Nichols method [16].
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Figure 9. SPWM switching pulse generation with PI controller.

Fuzzy Logic Controller

The fuzzy logic controller performs the task of assigning the outputs based on the fuzzy if-then
conditions and user provided information. The controller has been built with the knowledge base and
the FI engine. The knowledge base has the membership functions and the fuzzy rules, which are
deduced by information of the system’s operation [18].

The Fuzzy Logic Designer displays information about a fuzzy inference system. For using the
Fuzzy Logic Designer, the following MATLAB command has to be written in the MATLAB
command window.

Fuzzy Logic Designer
Figure 10 shows the FLD where the FIS is displayed with the input variable names on the left and
those of each output variable on the right [19].

Double-click the input variable icon to
open th? membership Function Editor

) Fuzzy Logic Desijner: Untitled g =10 x|
Fle Edt View
_________ Untitied —]
| (mamdani) |
input 1 output 1
. 1
Double-click the system Double-click the output variable icon to

diagram to open the Rule Editor open the Membership Function Editor
Figure 10. Fuzzy logic designer.

The Mamdani Inference system has been used in the model. The fuzzy inference system program is
created, and it is then first imported to MATLAB and then exported to our MATLAB workspace
(Figure 11).
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Name of the system.
To change it, select
File > Export > To Works pace
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Syﬂmvm1mlmmowﬁl
OPuons for adjusting the fuzzy Status line describes Name of the selected input
inference functions, such the most recent operation or output varables

as the defuzzification method
Figure 11. Type of inference used.

LC Filter

The output voltage harmonics of inverter are reduced by using LC filter in the inverter system. The
output voltage harmonics can cause low power quality. The LC filter reduces harmonics present in the
output and extracts high quality output voltage from the inverter generated output. The circuit diagram
of LC filter is shown in Figure 12.

_Y_IYW\__T.

|
Cs | Vout

| 'L

Figure 12. Structure of LC filter.

Filter Inductance and Capacitance Equations:
vd

where Vd is dc bus voltage, Ai is ripple ratio of current, fs is the switching frequency of H-bridge
inverter and Av is ripple ratio of output voltage (Table 4) [20-23].

Table 4. Calculated parameters of LC Filter.

xParameters Value

Cf, Capacitor 7.5 uF

Lf, Inductor 259 mH
Switching frequency 10 kHz

Ai and Av 3% and 5%
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MATLAB SIMULATION AND RESULTS

The PV based MI model designed by MATLAB Simulink Software is shown in Figure 17 where
the PV panel is placed first then, the boost converter is connected to the PV panel and HF transformer
is connected to the output of the step-up converter. The H-bridge inverter is connected to the HF
transformer HV side. Then the LC filter is connected to the H-bridge inverter. The temperature is
constant for the designed PV system. Figure 15 shows the output voltage of boost converter that is
tracked around 50V-59V against the changing irradiation condition on PV module. The output voltage
of the boost converter is increased further at the output of HF transformer, and then it is supplied to
the H-bridge inverter.

PV Panel Voltage and Current characteristics are shown in Figures 13 and 14 respectively.

The Boost Converter output voltage and the HF transformer output voltage is shown in Figure 15
and Figure 16 respectively (Figures 17.-19).
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Figure 13. (PV panel Voltage vs Time):- Vpv values(y-axis values) are wrong.Inplace of
(85.752,85.754,85.756,........ ,85.768) values should be:(55.752,55.754,55.756,........ ,55.768).
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Figure 14. PV panel current vs. time.
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Figure 15. Step-up converter vout vs. time.
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Figure 16. HF transformer HV side voltage vs. time.
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Figure 17. Structure of proposed Micro-Inverter.
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Figure 18. THD analyses using PI controller.
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Figure 19. THD analyses using fuzzy logic controller.

CONCLUSIONS

This paper presents the analysis and design of a Ml for single-phase PV energy system. The PV
system is analyzed by simulating with MATLAB Simulink software under changing solar irradiation.
The dc voltage of PV panel has been converted to ac voltage at the output of MI. Despite of
increasing or decreasing solar irradiance, voltage output of the inverter does not change and is
acquired as pure sine waveform. The terminal voltage is tracked at the reference value and it remains
constant at desired value owing to controller operated H-bridge inverter. The output power and
harmonic analysis is done using both the Pl and Fuzzy Logic Controller and we can approve that the
proposed inverter is capable to provide the power conversion at the required power rate and power
quality. The THD analyses for the PI controller output gives 6.72% THD ratio, whereas with Fuzzy
Logic Controller the THD ratio reduces to 6.08%.Hence it can be concluded that using the Fuzzy
Logic controller provides better tracking of reference voltage of 230V rms and also reduces harmonic
distortion value considerably in comparison with the PI controller.

In future studies, the proposed MI would use the fuzzy logic controller and its performance will be
improved by adding Phase Locked Loop (PLL) for grid-tied applications.
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