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Abstract: The Solar Photovoltaic (SPV) systems which directly supply power to the grid are becoming more
widely used. The photovoltaic (PV) field has given rise to a global industry capable of producing many gig
watts (GW).The active and reactive power feed-in by grid-connected solar PV systems will result in voltage rise
over its maximum limit in distribution systems. In This Project proposes different voltage control strategies to
limit the voltage rise in low voltage distribution systems caused by grid connected solar PV systems. The
voltage control strategies include four different active and reactive power control strategies. A power electronic
converter which converts DC power from the PV array to AC power at required voltage and frequency levels is
known as Inverter. Generally different Pulse Width Modulation (PWM) techniques have been implemented for
grid connected 3-phase Voltage Source Inverter (VSI) system .On the basis of discussion of harmonic
injection SPWM (HI-SPWM) and voltage space vector PWM (VSV-PWM), a Sinusoidal
PWM technique (SPWM), which is really simplest and well designed to obtain maximum inverter gain,
minimum switching frequency and to avoid the disadvantages of HI-SPWM, is proposed. The SPWM is based
on instantaneously floating the equivalent neutral point of the output of a 3-phase inverter i.e. instantaneously
injecting the same voltage waveform into the phase voltages. Modeling of photovoltaic systems includes
modeling of SPV array, power electronics inverter/converter based on MATLAB/SIMULINK.
Keywords: Photovoltaic Array, Sinusoidal Pulse width modulation, three phase voltage source inverter, LC
filter.

I. Introduction
In the present scenario of world energy sector
renewable sources are growing their importance day
by day. This is mainly because of limited resource
and bad environmental impacts of the conventional
energy. Having realized the importance of finding
alternative energy resources for the future energy
sustainability, photovoltaic (PV) energy has becomes
one of the important renewable energy sources [1].
Photovoltaic (often abbreviated as PV) are a simple
and elegant method of harnessing the sun's energy.
PV devices (solar cells) are unique in that they
directly convert the incident solar radiation into
electricity, with no noise, pollution or moving parts,
making them robust, reliable and long lasting. The
output of solar PV arrays is dependent on the level of
solar irradiance and surface temperature of the array
itself. Maximum power output from the array can be
achieved by a combination of mechanical solar
trackers to maximize the amount of light received,
and a maximum power point tracking (MPPT)
algorithm to operate the PV array around its
maximum power output for a given load under
varying atmospheric conditions. With the aid of
electronics power converters mainly the dc (direct
current) boost converters and inverters, this kind of
energy can be utilized and transported to the electric
utility [2]-[4]. However, the inverter efficiency need
to be improved further on in order to mitigate the
effects of the self-consumption losses, unbalanced
load on inverter output voltage, nonlinearity, PV low
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efficiency and output fluctuation [5], electromagnetic
interference and high level of harmonics content [6].
In addition, it is important that the inverter system
acquires the capability to operate with high speed
and frequency in generating the pulse-width
modulation (PWM) signals. Hence, the inverter
controller which plays an important role in the
improvement of the abovementioned issues, needs to
be enhanced further to uplift the inverter
performance in renewable energy applications,
especially in PV.

Fig.1. Block diagram of the grid-connected inverter
PV system
II. Grid Connected Solar Pvsystem
The general grid connected SPV system is shown in
Fig.1 First stage PV array or module is connected
with the system which connects the input to the
inverter. The 3-phase VSI is used to convert DC
voltage to AC voltage and feeds the energy to the
load and grid [11] through LC filter circuit. The
inverter has to be controlled in order to obtain
harmonic less voltage to achieve good power quality.
Various PWM techniques are used to switch the
inverter circuit. A PLL is used for proper
synchronization
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Below are the specifications of the PV module:
(i) Open circuit output voltage, Voc = 30.6 V
(ii) Short circuit output current, Isc = 8.5 A
(iii) Maximum power output voltage, Vmp= 24.3 V
(iv) Maximum power output current, Imp = 7.8 A

Fig.2 General Block Diagram of Grid Connected
SPV system
A. Modeling of Solar PV
A solar cell is basically a p-n junction fabricated in a
thin wafer of semiconductor. The electromagnetic
radiation of solar energy can be directly converted to
electricity through Photovoltaic effect. Being
exposed to the sunlight, photons with energy greater
than the band-gap energy of the semiconductor
creates some electron-hole pairs proportional to the
incident irradiation. The output voltage of the solar
cell is a function of the photocurrent that depends on
the solar irradiation level during its operation [7][10].
Fig.3 I-V and P-V characteristics of a one PV
module
B. Three Phase Voltage Source Inverter

Fig.3 Simplified PV cell model
A model of PV module with moderate complexity
that includes the temperature independence of the
photocurrent source, the saturation current of the
diode, and a series Resistance is considered based on
the Shockley diode equation. The current source Iph
represents the cell photocurrent. Rsh and Rs are the
intrinsic shunt and series resistances of the cell,
respectively. Usually the value of Rsh is very large
and that of Rs is very small, hence they may be
neglected to simplify the analysis. PV cells are
grouped in larger units called PV modules which are
further
interconnected
in
a
parallel-series
configuration to form PV arrays. The current output
of PV module is
(1)
Where Ipv is the PV array output current, Vpv is the
PV array output voltage, Ip his module photo
current, R s is the series resistance, k is the
Boltzmann constant (138e-23 J/K), A is the ideal
factor, N sis the series no of cells and Np is parallel
number of cells. T is the operating temperature [11].
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A 3-phase VSI is used to convert DC voltage into
AC voltage and feeds power to consumer loads and
utility grid. The 3-phase inverters are used in grid
connected SPV systems. A 3-phase inverter is a six
step bridge inverter. It uses a minimum of six
devices. As stated earlier, the transistor family of
devices is now very widely used in inverter circuits.
Presently the use of IGBT in three-phase inverter is
on the rise. A capacitor connected at the input
terminals tends to make the the input dc voltage
constant. This capacitor also suppresses the
harmonics fed back to the source. In inverter
terminology, a step is defined as a change in the
firing from one IGBT to the next IGBT in proper
sequence. For one cycle of 360, each step would be
of 60 intervals for a six step inverter. This means that
the IGBT would be gated at regular intervals of a six
step inverter. There are two possible patterns of
gating the switches. In one pattern, each switch
conducts for 180 and in the other each switches
conducts for 120. But in both these patterns gating
signals are applied and removed at 60 intervals of the
output voltage [12]. A LC type filter is used to
provide 50Hz frequency output to consumer loads
and electric grid. There are various factors which
decide the selection of filter capacitor and inductor.
Generally in order to eliminate the higher order
harmonics, the resonant frequency of the filter should
be greater than 6 times of desired output frequency
[13].
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III. Mathematical Model Of Lc Filter
The mathematical model of LC filter circuit has been
derived using state space analysis [14]. LC output
filter circuit for voltage and current equations is
shown in Fig.4. Kirchhoff’s current law is applied to
the nodes a, b, c shown in Fig.4.

reference or modulating voltage. In Fig.5,
modulating wave is compared with high frequency
triangular wave from. The high switching frequency
leads better output sinusoidal wave from. The
switching state is changed when sine waveform is
intersects with high frequency triangular waveform

Fig.5 SPWM Control signal Generation

Fig.4. LC Filter Circuit

At node a,
(2)
At node b,

In 3-phase VSI, the SPWM is achieved by three
sinusoidal voltages (Va, Vb, V c) which are 1200 out
of phase with each other are compared with high
frequency triangular waveform(VT), and relative
levels of the waveforms are used to control the
switching the devices in each phase leg of the
inverter.

(3)
At node c,
(4)
To make state equations, Kirchhoff’s voltage law is
applied to inverter side and load side and finally state
space equation for LC filter circuit is given in (5).
(5)

(6)
PWM TECHNIQUES FOR 3-PHASE VSI

Fig.6 Three-phase Sinusoidal PWM inverter
Three phase VSI having six switches (S1-S6) with
each phase output is connected to middle of the each
inverter leg is shown in Fig.6. The output of the
comparator forms the control signal for each leg of
the inverter. In one lag, two switches makes a phase
and these two switches open and close in a
complementary fashion. The total voltage is Vdc,
therefore the each pole voltage Vao, Vbo,Vco of the
inverter varies between –Vdc/2and +Vdc/2. If the
sine wave is greater than triangular wave, then upper
switch is getting turned ON and lower switch is
turned OFF. Based on switching states, positive or
negative half DC link voltage is applied to each
phase. Usually the switches are controlled in pairs
(S1,S4),(S3,S6) and (S5,S2) and the logic is shown
in Table I.

This section describes two types of PWM techniques
used to control the 3-phase VSI of a grid connected
SPV system.

S1 is ON
Va>VT

when

S4 is OFF when
Va<VT

Sinusoidal PWM (SPWM)

S3 is ON
Va>VT

when

S6 is OFF when
Va<VT

S5 is ON
Va>VT

when

S2 is OFF when
Va<VT

S4 is ON
Va<VT

when

S1 is OFF when
Va>VT

S6

when

S3 is OFF when

The SPWM technique is very simple and very easy
to implement. This method produces a sinusoidal
waveform by filtering an output pulse waveform by
varying width. The required output voltage is
achieved by varying the amplitude and frequency of
modulating voltage. The pulse width can be changed
by changing the amplitude and frequency of
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is

ON
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Va<VT

Va>VT

S2 is ON
Va<VT

when

S5 is OFF when
Va>VT

Multilevel Inverters
Multilevel converters have evolved as one of the
promising industrial solutions for better dynamic
performance and power quality demanding
applications. A multilevel converter achieves high
power ratings as well as enables the use of renewable
energy sources. The basic principle of a multilevel
converter to achieve higher power is to use a series
of power electronic switches with several lower
voltage dc sources to perform the power conversion
by synthesizing a staircase voltage waveform.
Capacitors, batteries, and renewable energy voltage
sources can be used as the multiple dc voltage
sources. A multilevel converter has several
advantages over a conventional two-level converter.
Multilevel converters can generate the output
voltages with very low distortion, with reduction in
dv/dt stresses across semiconductor devices.
Multilevel converters produce smaller common mode
voltage, and they draw input current with less
harmonic distortion at a lower switching frequency.

Vdc/4, it has three combinations and voltage level
Van=- Vdc/4, it has three combinations respectively.
Totally it consists of five output voltage levels. In
this operation, during the positive and negative sign
periods the capacitors can discharge and charge
respectively.
V. Matlab/Simulink Results

Case 1: Implementation of Proposed Concept using
Neutral Clamped Type Multilevel Inverter.

Fig: 14 Matlab/Simulink Model of Proposed 3level NPC
Converter

Flying capacitor MLI
The classical flying capacitor multilevel inverter is
shown in Fig.7. The number of switches are S1, S2,
S3, S4, S1’, S2’, S3’, S4’. Each leg has identical
structure. And each series connected capacitors have
a same voltage rating. And the three inner loop
capacitors are C1, C2 and C3. And all the phases
shared by equal dc link capacitors are C1, C2, C3
and C4 [15]. The voltage can be divided by Vdc/2,
Vdc/4 and -Vdc/2, - Vdc/4 and Van. The switches
from S1- S4 are called upper arm main switches and
switches from S1’- S4’ are called lower arm
auxiliary switches. [15]. And the voltages from
classical MLI are five level output are based on the
switching pattern and PWM signal. And the switches
are conducts based on five different combinations.

Fig.7 Classical Five level Flying Capacitor MLI.
And the voltage level Van=0, it has six
combinations, voltage level V an= Vdc/2, it has one
combinations and voltage level V an= -Vdc/2, it has
one combinations. Similarly for voltage level V an=
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Fig:15 Output volge wave form of 3 level converter

Fig. 16 FFT Analysis of Proposed 3 level NPC Converter
Output Voltage
Fig. 16 shows the FFT Analysis of Proposed NPC
Converter Output Voltage, we get 52.06% no need of any
filter we get this value.

Fig. 17 Matlab/Simulink Model of Proposed 9-Level NPC
Converter with Induction Machine Drive
Fig.17 shows the Matlab/Simulink Model of Proposed
NPC Converter with Induction Machine Drive.
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Fig.18 Level Output Voltage and Current
Fig. 18 shows the 9-Level Output Voltage and current
coming from the proposed NPC multilevel inverter.

Fig: 24 Matlab/Simulink model of proposed 9-Level CHB
converter with Induction Motor Drive

Fig. 25 Output Voltage of 9- Level CHB multilevel
converter
Fig. 20 FFT Analysis of Proposed NPC Converter Output
Voltage

Fig. 25 shows the 9-Level Output Voltage and coming
from the proposed CHB Multilevel Inverter.

Fig. 20 shows the FFT Analysis of Proposed NPC
Converter Output Voltage, we get 26.57% no need of any
filter we get this value.

Case 2: Implementation of Proposed Concept using

Fig. 26 FFT Analysis of Proposed CHB Multilevel
Converter Output Voltage

Cascaded H-Bridge Multilevel Type Inverter

Fig. 26 shows the FFT Analysis of Proposed CHB
Multilevel Converter Output Voltage, we get 13.16% no
need of any filter we get this value.

Conclusion

Fig: 21 Matlab/Simulink model of proposed CHB
converter with Induction Motor Drive

Increasing demand on energy efficiency and power
quality issues, grid connected solar PV systems is
taking a good place. In this paper SPWM and
SVPWM techniques have been discussed for 3-phase
grid connected VSI. The LC filter circuit is used in
the proposed system. This filter circuit is
mathematically modeled by using state space
analysis and complete state space equation is
obtained. The SPWM technique is implemented and
simulated on 3 phases VSI using state space model
of the LC filter circuit for grid connected solar PV
system. Various simulation results are analyzed and
presented on the inverter and load side of the
proposed system in order to demonstrate the
satisfactory performance of sine-PWM technique for
grid connected solar PV system.
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