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ABSTRACT

The need for sustainable energy solutions to preserve the
fossil fuels for future generations has been a major area of
concern due to rising issues like global warming and the
depletion of fossil fuel reserves. Photovoltaic (PV) distributed
generations integrated into the grid systems has seen a
significant growth in the recent years. Introduction of
distributed energy resources like solar energy onto the
distribution grid has led to increase in voltage quality
problems or voltage irregularities on the distribution grid due
toits highly nonlinear characteristics [2]. As the proportion of
the PV generation increases, several technical challenges
occur like the impact of the generators on voltage quality as
the solar insulation level is weather dependent and variable.
Unless suitable design feature is built for the generators, the
injected time-varying solar power could lead to unacceptable
voltage quality. In order to reduce the irregularities and
improve the voltage quality of the distribution grid, a Series
connected Photovoltaic distributed Generator (SPVG) is
proposed that not only maximizes the energy harness but also
enhances the voltage quality when upstream voltage
disturbances occur or when the input solar power fluctuates. If
the harnessed solar power is insufficient to maintain the
voltage level during an upstream voltage disturbance then the
stored energy in a capacitor energy storage system (ESS) in
the SPGV is used to enhance the voltage quality by
maintaining the load voltage constant. A dc link capacitor
energy storage system with an inverter with proper control
strategy is useful in tackling the grid output irregularities and
in improving the voltage quality issues. The proposed test
system is modelled and simulated in MATLAB/Simulink
environment along with the design and control of both dc-dc
converter and dc-ac converter to study the impact of the
SPVG in improving the voltage quality [1].

Key words : PV system, SVPG, ESS, PCU, Insolation, DC link,
INC-MPPT.
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1. INTRODUCTION

Solar energy is a direct source of energy. Using renewable
energy technologies, the solar energy can be converted into

electricity. The photovoltaic power generation includes PV
modules converting solar energy directly into electrical
energy, conversion of dc output voltage of solar modules to
achieve the desired maximum dc output voltage through a
desired converter topology, an energy storage system along
with the inverter topology with a proposed control strategy to
improve the voltage quality of the power system in order to
keep the load voltage constant with respect to variable
insolation and temperature. Depletion of fossil fuels and
increasing demand for energy has influenced the search for
other sources of energy. The abundant availability of solar
energy and the feasibility of extraction of energy from sun
make the solar energy a better choice to replace the
conventional energy sources for energy conservation. Solar
energy can be easily converted into electrical energy with the
help of solar panels for various applications. The main
disadvantage of PV systems is the variable solar irradiation
that causes voltage and power fluctuation problems at the load
side. These problems can be solved by using appropriate
power converters and control strategies for maintaining the
load voltage constant. At present, the large scale photovoltaic
power generation has become a vital part of development
strategy to guide the development of photovoltaic industry. As
the solar power characteristics is nonlinear and is different
from conventional power generation, the grid connected PV
distributed generation with it’s security, stability and reliable
operation has become a new challenge for the power grid and
PV power plant which is needed to be faced. Grid connected
photovoltaic power systems are the power systems energized
by the photovoltaic panels which are connected to the utility
grid. Grid connected photovoltaic power systems comprise of
PV panels, converter with MPPT technique to track
maximum solar power, solar inverter, and power
conditioning unitor energy storage system and grid
connection equipment for the integration of photovoltaic



generation with the utility grid. Thus, the grid connected PV
generation inverter control system is used to achieve
maximum power point tracking (MPPT) through a converter
to ensure the high power quality of the electrical power
system. This proposed model presents the modelling and
simulation of the PV and grid interfaced inverter with a dc
link capacitor energy storage system with a control strategy
for better synchronization of the RES to the grid that
enhances the voltage quality of the system by keeping the load
voltage constant [10][23][24].

2. SERIES CONNECTED PHOTOVOLTAIC
DISTRIBUTED GENERATOR

Under normal operating state, the PV modules capture
photovoltaic power (Fz;- ) from the sun, as shown in Fig. 1
The SPVG injects output power F: into the external grid-load
system. The conversion from Fgy- to F;is achieved through a
dc-dc boost converter and a dc-ac inverter. Py depends on
the solar insolation level and the operating temperature of the
PV modules at the given time for which at each insolation
level, there is a unique PV module operating state by which
maximum power can be extracted [20][22]. The dc-dc
converter is used to achieve maximum power point (MPP) due
to the changes in solar insolation level, while the inverter
controls the power flow to the grid through regulating the
injected complex powerF;+ j@;. The SPVG output power i.e.
F;= Py during no losses of the converters. The capacitor
(€zy) reduces the ripples. A power decoupling capacitor (£5.)
between the two conversion stages of the SPVVGprovides an
energy buffer medium in the dc-link of the inverter. Cp-acts
as an energy storage device during grid voltage disturbance.
The SPVG includes a coupling transformer to boost the
injection voltage and to provide galvanic isolation. So, both
SPVG and the upstream source act together to meet the load
demand 5, =F +j@; [12].

14

PCC
Equivalent Upstream Source 4—{

Figure 1: Schematic diagram of the SPVG interconnected to
a grid system [1]
According to the SPVG design objectives, F: is expected to
vary with changes in the solar insolation level. Hence, for
voltage quality enhancement, the challenge is to maintain the
load voltage magnitude ( V) constant [19]. The inverter
control system is to regulate ¥; by adjusting the SPVG
injected power. Another problem is the occurrence of grid
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voltage disturbances. Such disturbances are changes ink; .
The control system of the SPVG is proposed to adjust the
injected F; and @; to maintain ¥, constant at the
pre-disturbance level. So, series-connected PV generator
(SPVG) system proposed not only maximizes energy harness
during daytime, but also attempts to enhance voltage quality
when upstream voltage disturbances occur or when the input
solar power fluctuates. If the harnessed solar power is
insufficient to maintain voltage level during an upstream
voltage disturbance, stored energy in a capacitor energy
storage system (ESS) in the SPVG shall be used to improve
voltage quality by mitigating the sags and swells [18]. There
exists a minimum active power injection level for SPVG to
enhance the voltage quality. Among different types of energy
storage systems, a d.c link capacitor storage system is highly
used as it has high specific power density, can undergo
continuous charging and discharging, cheap and has high life
cycle as compared to a battery storage system. During grid
voltage disturbances i.e. voltage sag and insufficient solar
power, the capacitor storage system is used to discharge the
balance of minimum active power required to maintain the
load voltage (¥;) and the SPVG output power ( F;). Similarly,
during the upstream voltage disturbance i.e. voltage swell, the
capacitor storage system is used to absorb the excess energy
from the grid. Therefore, during variable insolation level or
upstream disturbances, the objective is to maintain ¥; constant
by adjusting the SPVG output power [2][3].

3. MODELLING OF PV MODULE

A photovoltaic cell/module is mathematically modelled using
a single diode equivalent circuit. The various parameters
which influence the characteristic of a cell are environmental
parameters like irradiance and temperature, internal
parameters like ideality constant, Boltzmann constant, energy
band-gap and charge of electron, electrical parameters like
open circuit voltage, short circuit current, series resistance
and shunt resistance. Based on current-voltage relationship of
a solar cell, a mathematical model of single diode PV cell is
developed [15][22]. The representation of an ideal PV cell is
represented by a current source connected with an
anti-parallel diode. In order to study the photovoltaic system
in distributed generation network, the modelling of the PV
cell/module is necessary. A photovoltaic device is a nonlinear
device and the parameters depend essentially on sunlight and
temperature. The photovoltaic cell converts the sunlight into
electricity. The photovoltaic array consists of parallel and
series of photovoltaic modules. The cell is grouped together to
form the panels or modules. The voltage and current produced
at the terminals of a PV system can feed a DC load or can be
connected to an inverter to produce AC current. The model of
photovoltaic array is obtained from the photovoltaic cells and
depends on how the cells are connected. Figure 2 shows the
single diode equivalent circuit of a solar photovoltaic cell with
the internal resistances and diode [5][13][17].
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Figure 2: Single diode equivalent circuit of a solar PV cell [1]

The equations that are required for the PV modelling are:

Top = Ip.":_*r.r;'_ I;, (1)

I,;is the photocurrent, Iis the diode current which is
proportional to the saturation current and I,is the current

across shunt resistance giving PV module output current
i1z 1Hence, the equation governing PV module is

I ; V+iR,
Toy = Ipn =L [exp{ 2] - 11- 22 ()
Where Vpis the voltage imposed on the diode and I is the
current across Rg;.
The expression of ¥ is given by
KT
'I.-T!. = (3)

q
Iz = Current generated by the incident light
I',: Reverse saturation
q: Electron charge (1.602 x10~**C)
k : Boltzmann constant
T: The temperature of the p-n junction
V- :The thermal voltage of the module
Rg: Series resistance
R.q: Parallel resistance.

The problem of modelling a PV array is to calculate
the resistance series B, and resistance parallel Rg;.R;andRg;
are determined iteratively, based on the manufacture
datasheet. The model is obtained with the parameters of the
I-V equation given by manufacturer datasheet such as
open-circuit voltageV,.; short-circuit current ., maximum
output power Fy.., voltage and current atthe maximum
power point (¥ ). The model gives the PV

mpp *Fmr-'.ﬂ
P-V curve and

characteristics such as I-V  curve

[6][7][16][25].

The power output of a solar cell is given by Pz.=1*V
where: 1= Output current of solar cell (A).

V= Solar cell operating voltage (V).

For =Output power of solar cell (W).

4. GENETIC
CONTROLLER

ALGORITHM BASED PID

Genetic algorithm (GA) uses the principles of evolution,
natural selection and genetics from natural biological systems
in a computer algorithm to simulate evolution. Essentially,
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the genetic algorithm is an optimization technique that
performs a parallel, stochastic, but directed search to evolve
the fittest population [23][28].

The structure of a control system with GA-PID as a controller
is shown in the Figure 3 and flowchart in figure 4. It consists
of a conventional PID controller with its parameter optimized
by genetic algorithm. The initial population of size N is
generated randomly to start the optimization process. The
next generation can be obtained through the genetic
operators. The genetic operators are the most important
features of GA and are described below [14][27].

Genetic
algorithm

h 4

JI\'I
j S——

u(t)
y(t)

Figure 3: Structure of GA-PID controller[4]
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Figure 4:Flow-chart for auto tuning GA-PID controller [2]

5. MODELLING OF BUCK BOOST CONVERTER
WITH MPPT

The brief overview of various maximum power point tracking
(MPPT) algorithms and topologies are given. Parameters for
evaluating MPPT algorithm are discussed and a set of
guidelines are proposed for selecting the appropriate MPPT
algorithm to track the maximum power of the solar PV
module through a desirable converter topology. Through the



MPPT control mechanism, the duty cycle rectification leads
to a pulse generation by PWM technique that is when given as
input to the gate of the converter; it will operate accordingly to
track the maximum power at the operating insolation and
temperature. The buck-boost DC-DC converter provides a
greater level of capability than the buck converter or the boost
converter individually. So, it has some expected extra
components which are required to provide the level of
functionality needed [8][15][24].
There are several specifications of the parameters that are
used for the Buck Boost converters:

o +Vi, .—Voue  The configuration of a Buck Boost

converter circuit consists of the same number of
components as that ofsimple buck or boost
converters. However, this Buck Boost regulator or
DC-DC converter produces a negative DC output
voltage for a given positive input DC voltage.

When the switch is closed in the Buck Boost converter
circuitry, current builds up through the inductor as shown in
Figure 5. When the switch is opened, the inductor supplies
the current through the diode to the load. The polarities
(including the diode) within the Buck Boost converter can be
reversed to provide a positive output DC voltage from a
negative input DC voltage [9][14][22].

_/ D
!_- ;
= * -]
i i L [ Load |3
s + z

Figure5: DC-DC Buck Boost Converter (negative type)[1]
Maximum power point plays a crucial role in photovoltaic
system because it is used to maximize the output power from a
PV system for a given set of conditions i.e. temperature and
insolation at that operating point and therefore maximizes the
PV array efficiency [9][10]. An effective control algorithm
called MPPT (Maximum Power Point Tracking) provides the
key solution to delivering power efficiently to the battery or
load. The current standard controller regarding solar cells is
the maximum power point tracker (MPPT) [13][18]. In order
to accomplish the MPPT effectively, the controlling of the
switch of the switching power supply or converter is done so
that the MPPT algorithm employed must be suitable for the
desired use. Among the different types of MPPT methods
used to track the maximum power point, Incremental
Conductance method (INC MPPT) is the most widely used
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method in PV MPPTs as it is more advantageous with respect
to the other MPPT methods [11][17].

6. DC LINK CAPACITOR

The DC link in a PCU (Power Conditioning Unit) is an
interconnection of single-phase inverter input port and the
buck boost converter output port. The DC link comprises of an
energy storage component, which decouples the buck boost
converter from the pulsating AC output power. Single-phase
voltage source inverters (VSIs) employ capacitors, whereas
current source inverters (CSIs) use inductors for energy
storage purpose. So, in this proposed model for voltage
quality enhancement of the grid with PV system, a DC link
capacitor energy storage system has been used [19][22][23].

7. SIMULINK MODELS

The figure 6 represents Simulink model of solar PV module.
Figure 7 represents Simulink model of Buck Boost converter
with INC MPPT method [20]. Figure 8 represents Simulink
model of single phase inverter and figure 9 shows Combined
Simulink model of PV module. Figure 10represents Simulink
model of the overall test system with R load and Figure 11
represents Simulink model of the overall test system with a
nonlinear load. The above models are shown below.

L — D
I b
Ve Ve
Ipv #s
Insolztion i @ . I@
Insclafion
PV Controlled Current Source bltade Measufement

i | B 5

P

Pt P

Figure 6: Simulink model of solar PV module
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Figure 10: Simulink model of the overall test system with R

load
The PV module produces an output voltage of about 19.35
Volt which is when given as input to the Buck Boost converter
with INC MPPT, it produces an output voltage of -213 Volt.
Then, the Buck Boost converter output voltage is inverted and
is given as an input to the single phase inverter which
produces an output AC voltage of 213 Volt. When in the
designed model, a nonlinear load is added, it leads to the
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presence of harmonics in the load voltage, current and power
due to switching activities.

XD

Figure 11: Simulink model of the overall test system with a
nonlinear load

Whenever a fault occurs in the power system then according
to this present model, the circuit breaker opens in order to
avoid the rest of the power system from getting affected by the
fault caused due to the upstream voltage disturbances. This
model presents how a PV VSI enhances the voltage quality of
the system by improving the voltage level injected to the load.
When a fault occurs, the circuit breaker opens and isolates the
rest part of the system. The isolator gets closed to provide a
closed path to allow the current to flow through the load. To
mitigate the voltage quality problem, the isolator gets closed
and the circuit breaker across the transformer opens to allow
the PV inverter to inject the power to the load to maintain
constant load voltage [21].

8.  SIMULATION RESULTS

XY Pht

POWER (W]

|

0 5 10 15 F) 5
VOLTAGE V)

Figure 12: P-V characteristics of PV module
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Figure 13: 1-V characteristics of PV module
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Figure 14: PV module output voltage

These graphs show the characteristics of the PV module with
respect to the operating temperature and irradiation. The PV
module produces an output power P i.e. P= Vx| where the PV
output current is 1 A and voltage is about 19.35 V.A constant
value of solar irradiation i.e. 1000 W/m? is given as the input
to the proposed module. The magnitude of the PV module
output voltage was found to be 19.35 volt which is given as
input to the Buck Boost converter.
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Figure 15: PV module output voltage with variable insolation
Here, the shown waveform is the output of the proposed
model with a variable solar irradiance. So, the magnitude of



the output voltage varies according to the input solar
irradiance.
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Figure 16: Buck Boost converter input voltage
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Figure 17(a): Buck Boost converter output voltage

The Buck Boost converter produces a DC output of - 213V,
when the model is run for 0.5 sec which shows that there is a
switching time of about 0.03 sec. So, when the same model is
run for 5 sec, a proper DC output voltage of -213V is produced
with a better output waveform as shown in Figure 17 (b).

. CONVERTEROUTPUT VOLTAGE (V)

) 15 1 15 2 25 3 35 ' 15 5
THE (SEC)

Figure 17. (b): Buck Boost converter output voltage

Both constant and variable magnitude of PV output is fed to
the Buck Boost converter. As Buck Boost converter is an
inverting converter, a negative DC voltage of magnitude 213
V is observed.

Bibhu Prasad Ganthia et al., International Journal of Advanced Trends in Computer Science and Engineering, 8(5),September - October 2019, 2556- 2567

v

CONVERTEROUTPUTVOLTAGE

INVERTED

M [l [ 05 [ 0% 03 0% [ 04 05
THEGE]

Figure 18 (a): Inverted Buck Boost converter output voltage
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Figure 18 (b): Inverted Buck Boost converter output voltage

Figure 18 (a) and 18 (b) show the inverted output voltage of
the Buck Boost converter producing a DC output voltage of
213V by connecting a voltmeter around the terminals of Buck
Boost converter in an inverting manner to get a proper
positive output waveform with magnitude of 213 V which is
given as an input to the single phase inverter.

The simulink results are shown below in figure 19, figure 20
and figure 21.

N\
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Figure 19: Inverter input VVoltage
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Figure 20: Inverter output voltage
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Figure 21: Inverter output voltage after filter

When 213 Volt DC from the buck boost converter is given as
an input to the single phase inverter to convert the DC voltage
to AC voltage for connecting the PV module with the grid, the
output of the inverter contain harmonics in it producing 213
V AC. So, a filter is added to eliminate the harmonics from
the AC output of inverter. Now, a sinusoidal AC output of
inverter is synchronized with a grid which is supplying power
to a certain load. The total synchronized PV generating
system act as backup for the overall test system. If due to any
fault grid is unable to provide the supply to the load then at
that time the proposed PV generating module supplies power
to the load through an injection transformer.

The results during fault analysis are shown below in figure
22, 23 and 24.

Figure 22: Source voltage

Figure 23: Source voltage with fault

Figure 24: Injected voltage
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Figure 22: Source voltage
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Figure 23: Source voltage with fault
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Figure 24: Injected voltage

The above figures show the source voltage with a fault during
the time interval of 0.2 to 0.3 sec and hence, the circuit
breaker isolates the grid making the supply zero. At that time,
the PV generating module supplies the required amount of
voltage to maintain the voltage profile. The injected voltage of
PV generating module through the injection transformer is
also shown. Hence, though the grid is isolated from the supply
during fault condition with no power supplied to the load still
the load voltage is maintained constant due to the injection of
voltage by the PV generating source shown in figure 25 and
26.
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Figure 25: P and Q during fault Figure 28: Linear load voltage
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Figure 26: Injected P and Q Figure 29: Linear load power

The per unit representation of real power and reactive power
during the fault and with the integration of PV generating
system with grid during the fault are shown in figure 27,
figure 28, figure 29 and figure 30.

[ I ]
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Figure 30: Load voltage in p.u

LINEARLOAD CURRENT (4)

: ‘ ; ‘ | ‘ | So, this test system produces an AC output voltage of 213 V
4 an e """ N peak to peak, current of 4.7 A and power of 1000 W when a
e w w w w w w w w linear load is used. The per unit presentation of the load

o voltage, real power and reactive power have also been
observed. When a nonlinear load is used, the presence of
harmonics is noticed in the load current, voltage and power

respectively.

Figure 27: Linear load current

2564



Bibhu Prasad Ganthia et al.,

1] T T T T
-
%m—r
i
Zmp-
R
S
) 005 [ 05 [ 05 03 03 0 05 15
TINE (5E0)
Figure 31: Load P and Q in p.u
I! I I ! ‘1 ! l!
AN NE SN
]
o
=¥
3
S
<2
e
2
4
! l 1 vy Yy i |
r | \ r \ r r
0 005 01 0.15 02 025 03 035 04 045 05

TINE (SEC)

Figure 32: Nonlinear Load current
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Figure 33: Nonlinear Load voltage

When a nonlinear load is connected in the proposed test
model, the presence of harmonics in the load current, load
voltage and load power has been observed.

The simulink results for non linear loads are shown in Figure
31: Load P and Q in p.u, Figure 32: Nonlinear Load current
Figure 33: Nonlinear Load voltage and Figure 34: Nonlinear
Load power.
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Figure 35: FFT analysis showing percentage of the
harmonics

Under the grid operating condition, the FFT analysis shown
in above figure 35 that use of this technique has led to
reduction in harmonics and it ensures almost sinusoidal
current injection into the grid with reduced THD (0.46%) by
increasing the fundamental component of the injected grid
current. It increases the fundamental component of the
injected grid voltage thereby increasing the amount of active
power injection by the series connected PV distributed
generator by eliminating harmonics as the THD level is about
0.46%.



9. CONCLUSION

The main challenge in developing a practical PV system
includes an efficient control mechanism that can extract the
maximum output power from the PV arrays under all
operating conditions with high performance and low cost
ratio. Since, the PV array has a highly nonlinear
characteristic due to change in operating conditions such as
insolation and temperature, it is technically challenging to
develop a PV system that can meet these technical
requirements. So, this thesis work deals with the study of a
series connected PV distributed generator system for
enhancing the voltage quality of the system that maintains
constant load voltage during the upstream source
disturbances and input solar power fluctuations. The INC
MPPT algorithm, dc-dc converter topology and inverter
configuration along with the dc link capacitor ESS control
mechanism for enhancement of voltage quality of the
proposed system have been discussed, modelled and
simulated in the MATLAB. The output waveforms and
graphs of the desired Simulink models have been studied. The
test model has been simulated with a linear and nonlinear
load. The use of nonlinear load shows the addition of
harmonics. The FFT analyzer verified that by using the SPVG
integrated to the grid, there is a reduction in harmonics as the
value of THD is 0.46%.
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