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Abstract

Energy generation is facing a big challenge for meeting the load demand
during peak hours. Power utilities are heavily depending on fossil fuels due to
limited resources of non renewable energy generation. Therefore researchers
and scientists are looking towards some distributed generators (DGs) to supply
extra power during peak hours of energy curve. Solar power gives them an
extra sniff to meet the load demand in that period. As a consequence grid-tied
solar Photovoltaic (PV) system catches the eyes of researchers and industrialist
mainly for reducing the burden of fossil fuel energy generation. Single stage or
two stages PV systems are applicable for grid interconnection with or without
battery backup. Double stage system is generally suggested for practical
applications as it holds a benefit of power quality improvement. This article
presents a comprehensive review on grid-tied solar PV system. The complete
architecture of the grid-tied PV system includes the construction of PV
array, MPPT methods, DC-DC converters, Inverters and control algorithms.
Different control techniques and topologies with their merits and demerits
for grid-tied systems are thoroughly reviewed. The comparisons of different
conventional and advanced control techniques justify the practicability of this
architecture. Different topologies and control methods of grid-tied PV system
are studied thoroughly to justify the potential of grid-tied PV system.
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1 Introduction

Energy demand is continuously growing around the globe. In the past, most
part of the energy demand was supplied by non renewable sources like coal,
oil, gas etc. But they are depleting at a faster rate in recent years. So the
researchers and scientists are trying to find some alternative solutions for
required energy demand. Renewable sources like solar, wind, biomass etc. are
the cost effective and pollution free solutions for providing green energy to
all kinds of loads. Among the renewable sources, solar and wind are major
contributors in the world’s energy arena. But the solar energy is foremost
choice among the renewable sources because of its availability and promising
nature for variety of power applications. The use of solar energy during peak
load hours reduces the burden of online generators to meet the load demand.As
a consequence the current status of research shifts towards the grid-tied solar
photovoltaic system. Synchronization of PV system with utility and power
quality issues like voltage/current harmonics, reactive power compensation,
voltage flickering, voltage regulations etc. are major areas of concern for grid-
tied PV systems [1–4]. But the use of advanced power electronics converters
like interleaved boost, quadratic boost, inverters etc. in grid-tied PV system
makes it suitable for operation. The maximum power is extracted from the
solar with the help of fast tracking and advanced maximum power point
tracking techniques (MPPTs) like hybrid MPPT techniques. These techniques
include online/offline methods for setting the maximum power point and soft
computing methods for fine tuning. The extracted power from solar is shifted
to another voltage level for the desired application with the help of DC-DC
converter [5]. The shifted power at DC level is converted in to the AC for
standalone applications or grid interfacing with the help of inverter.

However, the initial cost of installing solar PV system is high and
conversion efficiency is low. Researchers are continuously making efforts
to invent new topologies and control algorithms to extract maximum power
from the solar. Silicon is used for manufacturing solar photovoltaic cells for
converting radiations in to DC Power. As the advancement in the material is
going on, the cost of material starts reducing. Therefore power bodies start
promoting solar power generation [6]. The government is also giving subsidies
to promote the renewable sources of energy. Large scale production of solar
energy is achieved by launching national solar mission in January 2010. To
promote the production of solar energy, government has started subsidies to
help individuals and institutions for solar installation at low cost [124]. Indian
Renewable Energy Development Agency has implemented this scheme with
the help of National Bank ofAgriculture and Rural Development (NABARD).
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This scheme was modified in 2012 to restrict the subsidy up to 40% on capital
cost. In March 2015 NABARD has stopped the subsidies. In January 2016 the
government has started ambitious rooftop subsidy scheme. In this regard the
cabinet committee of economics approved INR 50 billion for funding 30% of
capital cost of rooftop system [124]. The government has also made a priority
list. Public institutions, schools, hospitals etc. are at the top of priority list
and residential projects are at the bottom of the list. In fact the subsidies for
residential projects are becoming less and hard to get. The solar energy was
available for one third period of a normal day in northern side of India. Roof
mounted and building integrated solar power systems will act as active power
source during day time. For the remaining part of the day the solar converters
were switched off to save the power which occurs due to switching losses.
These converters can be utilized for the remaining two third part of the day by
using them as shunt active power compensator [3–7]. This will enhance the
efficiency of the overall system [8].

The main aim of this paper is to combine the different tactical aspects of
the grid-tied PV system, which can be useful for power quality improvement
as well. This study is useful to find the research gap in PV integration using
power electronics converters. More than 120 research papers are significantly
reviewed and classified in four categories. The first category [7–21] covers the
PV modelling and PV array designing. The second category [22–73] is based
on MPPT methods and their detailed study while third and fourth categories
are based on converter [74–91] and inverter topologies [92–110]. The last
category covers control algorithms [111–121].

This article is divided in eight sections. Section 2 gives a brief introduction
of the grid-tied PV system with their progress. Mathematical modelling of
PV system and PV array designing is presented in Section 3. Section 4
covers the classification of Maximum Power Point Tracking (MPPT) methods
with their comparative analysis. A detailed study of DC-DC converters with
their performance parameters are explained in Section 5. Different inverter
topologies are covered in Section 6. Section 7 discusses the control algorithms
used for the inverter control for maintaining active and reactive power supply
to the grid. The conclusion and future scope of this study presented in
Section 8.

2 State of Art

This section describes the history of grid-tied PV system with recent progress
in the industry and academia [1–9]. In literature, different modelling methods
of solar systems are available. The continuous efforts of the researchers from
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last two decades have successfully changed the small standalone solar system
into grid-tied PV system. This brings a new parameter of pooling of some
temporal exchanges in electricity market. Single diode and two diode models
are presented with their complete mathematical formulations [9–21]. Single
diode is preferred because of its simplicity and accuracy. Some advance tech-
nologies are trending continuously bringing some remarkable improvement in
power extraction from PV system [22–25]. The soft computing technologies
are showing great response under partial shading and continuously chang-
ing irradiation conditions. Some hybrid methods are already implemented
for practical application showing high convergence speed and tracking the
maximum point on PV curve with ease [26–31].

The output voltage/power of PV system is low and needs to be enhanced for
the applications like grid-tied PV system, water pumping system etc. Therefore
DC-DC converter plays a significant role in the architecture of grid-tied PV
system. Basic DC-DC converters are of four types i.e. buck converter [81–83],
boost converter [84–87], buck-boost converter [88, 89] and cuk converter
[90, 91]. Conventional boost, buck-boost and cuk converters are regularly
used for solar applications. Many topologies of high step-up boost converters
are available in the literature, which are useful in suppressing current ripples
and recovery losses. They are also possessing soft switching [87].

Inverter is useful in converting DC power to AC power for different
applications. Grid connected inverters, based on structure; i.e. central type,
module type, string type and multi string type [93–95]. Central type inverter is
widely used for low voltage applications because of its simplicity and better
control. Multi string inverter can worked in high power applications with
higher efficiency [96]. There are more than fifteen topologies reported in the
literature for single phase transformer less inverter. Multi level inverter is
a suitable solution for grid-tied PV systems because of high power handling
capacity, less switching losses and better efficiency. Cascaded H-bridge (CHB)
topology of multi level family shows better operational performance in many
practical applications like STATCOM, drives, compensators, grid-tied etc. The
topologies for three phase system are derived from single phase topologies by
using them in all phases separately [105–110].

Block diagram of complete architecture of grid-tied PV system is shown
in Figure 1. All the constituents like PV array, MPPT, DC-DC converter,
inverter and control algorithm have to be operated in synchronism to enhance
the overall efficiency of this complete system. These constituents are elabo-
rated and analyzed one by in the coming sections with the help of suitable
diagrams.
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Figure 1 Grid-Interfaced Solar Photovoltaic System.

3 Photovoltaic System

Solar cells are used for photovoltaic conversion. The light radiations, which
falls on solar cell is directly converted in to DC electricity. Single crystalline
silicon cells were used for fabrication of solar cells in earlier days but
monocrystalline and polycrystalline are dominating these days. A thin wafer
of 250 μm is sliced from a silicon doped p-type crystal and n-type impurity
is diffused to form a p-n junction. Therefore the operating characteristics of
solar are similar to a p-n junction diode. There are no moving parts in solar
conversion system, so it requires little maintenance and work properly in
power varying scenarios.

3.1 Working Principle

Solar cell is simply a p-n junction diode which absorbs light energy (in the
form of photons) and generates charge carriers. The sufficient amount of
energy is required to break the covalent bond. The working principle of solar
cell involves two steps: one is generation of electron-hole pair by absorbing
solar radiations and second is separation of charges by using voltage gradient
inside cell. Basically working principle may be defined as absorption of light,
generation of charges and transportation of free ions [10]. The absorbed energy
from the solar radiations is related as

E = hc/λ (1)

Where E is energy absorbed in electron-volt (ev), h is planks constant
(6.62 × 10−27 erg-sec), c is light velocity (3 × 108 m/s) and λ is wavelength
of light radiations.
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3.2 Mathematical Modelling

Anumber of equivalent circuit model of solar cell are available in the literature.
Generally two-diode and single-diode models are used in the simulations.
Single-diode model is more popular because of its simplicity and accuracy.
The equivalent circuit of solar cell is generally represented by using Thevenin’s
or Norton’s equivalent [11]. Ideal diode model does not contain any series and
parallel resistance but it is difficult to remove these resistances as they influence
efficiency of the PV module [12–14]. Single-diode Thevenin’s equivalent
circuit of solar cell consists of photon current source, anti-parallel diode and
resistances (series and parallel resistances), which is shown in Figure 2.

Apply Kirchhoff current law at node A.

Ipv = Iph − ID − Ip (2)

Where Ipv is output PV current, Iph is photocurrent, Ip is current through
shunt resistance and ID is current through diode which is given by theory of
semiconductors, which is given by

ID = Io

[
exp

(
q(Vpv + IpvRs)

ANsKT

)
− 1

]
(3)

Where Io is reverse saturation current through diode, Vpv is output voltage of
PV or voltage imposed on diode, Ns is the number of PV cells connecting in
series, K is Boltzmann constant (1.38 × 10−23 J/K), A is ideality factor which
depends on PV cell construction and T is cell temperature. The Equation (4)
represents the output current for practical circuit consisting of both resistances.

Ipv = Iph − Io

[
exp

(
q(Vpv + IpvRs)

ANsKT

)
− 1

]
− Vpv + RsIpv

Rp
(4)

Figure 2 Single-diode Thevenin’s Equivalent Circuit of Solar Cell.
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The above nonlinear and inherent equation can be solved by using iterative
methods. There are total five parameters in the describing equation of solar cell,
which are directly or indirectly influenced by solar irradiance and surrounding
temperature. Normally manufactures will provide few experimental data such
as open circuit voltage, short circuit current, voltage at MPP, current at
MPP and maximum power at Standard Test Conditions (STC). Usually the
operating conditions of the practical system are different from the STC. So
the calculations of these five parameters plays important role in the formation
of PV array [12].

By considering I-V characteristics, the slope becomes approximately zero
at short circuit conditions. The value of parallel resistance (Rp) assumed to be
infinite. In this condition last term of Equation (4) becomes zero and assumes
photocurrent (Iph) as short circuit current (Isc).

Ipv = Isc − Io

[
exp

(
q(Vpv + IpvRs

ANsKT

)
− 1

]
(5)

Parameters are determined with the help of some assumptions made by the
researchers [15–19]. During open circuit conditions, Ipv = 0 and Vpv becomes
open circuit voltage (Voc). Now the value of term (q/NsAKT) can be calculated
as [

q

NsAKT

]
=

ln (Isc/Io + 1)
Voc

(6)

Define k = Isc/Io and substitute Equation (6) in (5), we get

Ipv = Isc

[
1 − 1

k
(k + 1)

(
Vpv+RsIpv

Voc

)
+

1
k

]
(7)

Generally the value of k is high because the Isc is much greater then Io.
Therefore some terms of Equation (7) may be ignored for simplification
purpose [12]. The STP conditions are also considered for calculating the
reference values. So the Equation (7) can be rewritten as

Ipv,ref = Isc,ref

[
1 − (kref )

(
Vpv,ref +RsIpv,ref

Voc,ref

)
+

1
k

]
(8)

Where all the quantities of above equation are represented as reference values
at STP. The coefficient Kref is calculated by using all other parameters at STP.

kref =
(

VMPP,ref + RsIMPP,ref

VOC,ref
− 1

) √
1 − IMPP,ref

Isc,ref
(9)
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3.3 Effect of Temperature and Insolation on PV System

The PV characteristics are largely influenced by the environmental factors
such as temperature, irradiance, pressure, humidity, wind etc. The Irradiance
and temperature are two prime factors which affects the output of solar PV
system [16]. The solar cell temperature rises due to increment in insolation
(solar intensity) or due to energy loss in photovoltaic process. The output of
PV system decreases with the increase in temperature. Therefore Voc of the
PV system decrease with rise in temperature of the cell. Consequently Ipv

of the PV system rises with the cell temperature. Clearly temperature and
irradiance changes the value of output voltage and current. Hence the effect
of temperature and irradiance should be accounted in PV modelling. The
characteristic of desired PV is achieved by current-voltage translation method
expressed by following equations [20].

Isc = Isc,ref [1 + α(T − Tref )]
G

Gref
(10)

Voc = Voc,ref

[
1 + a.ln

G

Gref
+ β(T − Tref )

]
(11)

Where α and β are temperature coefficients, G and Gref are solar irradiance
and their reference value, T and Tref are solar cell temperature and their
reference value and a is correction factor of irradiance.

3.4 PV Array

The power generated by a single PV cell is very small. For high power
applications or grid-tied conditions the output power and voltage is generated
by a group series and parallel combinations of PV cells. These combinations
are known as PV modules and they form PV panels. These panels are used
to form a desired PV array. Different topologies are used in the literature for
the formation of building integrated photovoltaic system (BIPS) and roof top
photovoltaic system (RTPS) [21].

Several PV array configurations proposed by the researchers are shown
in Figure 3. Series and parallel topologies have some disadvantages like
less current and less voltage respectively. Series-parallel (SP) configuration
is proposed by connecting modules first in series and then paralleled the
series strings to get the required voltage and current. Total cross tied (TCT)
configuration is proposed to get equal voltages across the different ties and
sum of the currents across ties. In bridge linked (BL) configuration a bridge
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Figure 3 PV array topology connections (a) series connection (b) parallel connection
(c) series-parallel connection (d) total cross tide connection (e) bridge connection (f) honey
comb connection [21, 22].

is formed by connecting two modules in series and two in parallel to get the
added value of voltage and currents. Honey comb (HC) configuration is just
a modification of BL configuration to get the advantages of both TCT and BL
configurations [22].

4 Maximum Power Point Tracking

The overall efficiency of PV system can be enhanced by operating the system at
MPP. The tracking of maximum power point on the PV curve, irrespective of
environmental changes like temperature and irradiance is called maximum
power point tracking. Suitable MPPT method is required to maintain the
operating point at maximum power point, so that maximum power can be
extracted from the solar PV system.
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4.1 Basics of MPPT

MPPT techniques are employing to extract maximum power irrespective of
environmental changes (temperature and pressure). Generally there are two
ways of extracting the maximum power from the PV system: one is mechanical
tracking and other is electrical tracking. Mechanical tracking consider as
physical tracking. In this process the orientation of the PV system is changed
according to the changes in the position of sun with some predetermined
angle. The changes can also be made for the seasons of a complete year.
The orientation changes are made with the help of some manual practice or
with some automatic gear type arrangement. In electrical tracking the I-V
curve is tracked by using some algorithms. PV parameters (voltage, current,
temperature and irradiance) are sensed and fed in to the algorithm as per their
requirement. The requisite MPPT technique computes the reference values
for different parameters. The computed reference values are compared with
the previous values at the converter end. Then, the present power at MPP is
compared with the measured value. The differences between these values are
minimized by changing the duty ratio of the converter. Mostly PI controller
or Hysteresis controller is used to adjust the duty ratio of the converters but in
some cases the duty ratio is directly determined by using different algorithms.

4.2 Classification of MPPT Methods

MPPT methods are classified on the behalf of different features like control
strategies, control variables, circuitry, cost etc. The objectives of all the
available techniques in the literature are same but they differ in terms
of complexity, convergence speed, tracking accuracy, cost etc. From the
application point of view Perturb and Observe (P&O), Hill Climbing and
Incremental Conductance (INC) are popularly used for grid-tied and stand
alone applications. Besides, there are some other methods like open circuit
voltage, short circuit current, which are useful for low cost applications
because of less number of sensors required. Some other methods are also
available in literature, which are not used practically but they can be used in
future with some improvements. Broadly MPPT methods are classified into
four main categories as shown if Figure 4.

The first category (OFF-Line Methods) requires solar PV modelling and
usually depends on the datasheet parameters and characteristics curves. These
known parameters are applied in some mathematical empirical formulas to
produce control signals for PV system. These control signals will remains
constant throughout the operation of MPPT [23–26].
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Figure 4 Broad categorization of MPPT methods.

The second category (ON-Line Methods) required only instantaneous val-
ues of voltage and current to produce the control signals. A small perturbation
is introduced in current, voltage or duty ratio to get the required output power.
The control signal direction is achieved by observing the perturbation response
on output power (either increase or decrease). That’s why the control signal
cannot consider as constant like off-line methods and the system will always
swings around MPP [23–26].

The third category (Soft Computing Methods) belongs to the intelligent
techniques. The soft computing methods are used to improve the accuracy
of the system, as they are able to handle the non linear problems [27]. The
availability of soft computing tools attracts the interest of researchers towards
these fast, reliable, flexible and robust. Naturally the non linear PV curve can
be easily tracked with the help of soft computing methods. Partial shading
and rapid change in insolation are major problems with solar PV system. The
flexible nature of soft computing techniques allows tracking of MPP under
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these conditions [71]. Artificial Neural Network (ANN), Fuzzy Logic Control
(FLC) and Optimization Techniques (OT) are most popular among the soft
computing methods [28].

The fourth category (Hybrid Methods) brings two algorithms at a time
usually. Generally the first part of hybrid methods belongs to the OFF-Line
group and calculates the constant value of the desired input parameter. The
constant values are calculated by using set-point loop on fixed temperature and
irradiation conditions. This part will follow MPP approximately and needs to
be responded fast according to the changing conditions of the environment.
Later on second part belongs to the ON-Line group or Soft computing group.
This part tracks the MPP with great accuracy and brings down the steady
state error. The environmental changes are also countered by fine tuning loop
created by some intelligent and fast responded search spaces [27–31]. The
practical scenarios are also considered by the researchers. Therefore some
partial shading consideration and statistical analysis of various MPPT methods
are also reported in literature [72, 73].

The comparison of different MPPT methods have been explained accord-
ing to their control strategies, number of variables used for controlling,
types of circuitry, complexity, convergence speed and cost of hardware
implementation.

5 DC-DC Converter

DC-DC converter is used to step-up or step-down the PV output voltage
according to the requirement. The operation of DC-DC converters performs
two important tasks: integration of PV or renewable source with the grid and
detection of MPPon the I-V curve with the help of some suitable MPPT control
algorithms. Ideally switched mode power converters have 100% efficiency
but in practical applications due to some conduction and switching losses the
efficiency is reduced. The voltage wave shape has switching pattern and needs
to be filtered out with the help of capacitors and inductors. Therefore switched
mode DC-DC converters have at least one power switch with capacitor and
inductor.

Many circuit topologies of DC-DC converters have been already published
in the literature. DC-DC converters are classified in two main categories: iso-
lated converters and non-isolated converters. An isolated converter provides
some isolation between input side circuit and output side circuit with the help
of some electrical barriers. Isolation may be helpful in designing the multiple
output ports with different voltage levels. Generally electric transformer is
used for isolation purpose. Amplification and attenuation can also be achieved
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by changing the turn ratio of the transformer. Galvanic isolation can suppress
the electromagnetic interference between source and load. These converters
are considered as the extension of basic converters but the cost and size of
the isolated converters are very high because of transformer and extra DC-AC
conversion stage. They are useful in some specific applications where isolation
is required. There is no isolation transformer in non-isolated converters. They
are useful in low step-up voltage regulation conditions, that’s why they are
implemented for the applications like water pumping system, standalone
PV systems etc. Generally isolated converters are preferred for grid-tied
PV system because of safety concerns. There are four topologies of DC-
DC converters which are commonly used in solar PV system. They may
operate in two different modes, either continuous conduction mode (CCM) or
discontinuous conduction mode (DCM). Their performance is analyzed with
the help of following parameters.

(i) Voltage Gain (Av)
(ii) Current Gain (Ai)

(iii) Input Impedance (Ri)
(iv) Critical Inductance (Lcrit)
(v) Critical Capacitance (Ccrit)

5.1 Buck Converter

Buck converter or step-down converter provides output voltage magnitude
lesser than the input voltage magnitude. This topology with single pole double
throw (SPDT) switch is illustrated in Figure 5. The input DC source is
connected to inductor through SPDT switch and a capacitor is connected on the
output side. They are useful in connecting high voltage sources to the battery
voltages or low voltage applications. The Voltage gain and current gain of the
buck converter are less sensitive to the change of duty ratio D. For optimal
operation of the converter, the input Impedance (Ri) should match with the

Figure 5 Basic Circuit Configuration of Buck Converter [75].
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optimum resistance (Ropt). As the resistance conversion ratio suggests that
the input impendence is always greater than load resistance. Thus the buck
converter should operate only when R ≥ RMPP for getting maximum power.
Therefore the operating region of buck converter can’t attain the values near the
short circuit current. The chief disadvantage of buck converter is the generation
of electromagnetic interference in source current wave form.

In some categories, the output voltage is generated through pulse width
modulation (PWM) for battery charging. Commonly buck converters are used
to track MPP to extract maximum power [74–76]. Some highly efficient
microcontroller based buck converters for PV applications are proposed by
the researchers [77]. The output power is regulated by using some intelligent
approaches to adjust the duty ratio in standalone applications [78]. For battery
charging and resistive load feeding, quad-input dual-output converter, this
reduces the overall cost of the system [79]. Several new topologies including
buck converter with variable inductor to track MPP in micro grid applications,
fourth order buck converter to track MPP at all levels of insolation, multi input
converters to eliminate the interactions among the control loops, linear current
booster to match the PV array characteristics during day time of solar pumping
system [80–82].

5.2 Boost Converter

Boost converter or step-up converter provides output voltage magnitude higher
than the input voltage magnitude. Therefore their voltage step-up capability
catches the eyes of industrialist for grid-tied solar PV applications. It also
performs the function of MPPT by changing the duty ratio. This topology
with single pole double throw (SPDT) switch is illustrated in Figure 6. The
Voltage gain and current gain of the boost converter are also less sensitive
to the change of duty ratio D. For optimal operation of the converter, the
input Impedance (Ri) should match with the optimum resistance (Ropt). As
the resistance conversion ratio suggests that the input impendence is always

Figure 6 Basic Circuit Configuration of Boost Converter [75].
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smaller than load resistance. Thus the boost converter should operate only
when R ≤ RMPP for getting maximum power. Therefore the operating region
of buck converter can’t attain the values near the open circuit voltage of that
module. The MPP is tracked only when it is operating in operational region.
Conventional boost converters are mostly used in the applications related to
power factor improvement due to simple circuitry. They had some limitation,
while using in high step-up applications like grid-tied PV system [83–85].

The duty ratio can increase the voltage gain up to infinity by varying the
value of D. Therefore the turnoff time period of the switch becomes very
small and the current ripple becomes large. The increment in current ripples
increases the conduction losses. And number of electrolytic capacitor used.
So the cost of the system increases. In grid-tied PV applications the output
voltage is often high and comes across the switches and capacitor. The higher
voltage stress and hard switching increases the switching and recovery losses.
The power level is also restricted by using single switch.

The solutions of the above problems are countered by proposing different
boost topologies shown in Figure 7. For example interleaved boost topology
is effectively increasing the power level, reducing current ripples and passive
component size. Further the zero current transition (ZCT) based interleaved
boost converter topology is proposed for soft switching. The auxiliary com-
mutation circuitry provides ZCT when the main circuitry is off. The coupled
inductors are also used in some topologies to achieve zero current switching
(ZCS) to turn on the switches [86]. Two types of coupling are there: one is
positive coupling and other is negative coupling. Both can be used for realizing
ZCS and to reduce recovery losses. The positive coupling suppresses the
current ripples more effectively under hard switching but negative coupling
doesn’t suppress the current ripples because of discontinuous conduction mode
(DCM). Later on active zero voltage with ZCS turn on and ZVS turn off is
proposed in the interleaved category to improve the switching performance
and current ripple suppression from same circuit. A lot of other topologies are
proposed to reduce all kind of losses and improving the efficiency [87].

Boost converter are mostly used for grid-tied PV systems. Based on the
critical reviews, they have classified in four main categories as shown in
Figure 7.

5.3 Buck-Boost Converter

Buck-boost converter provides the output voltage magnitude higher or lower
than that of input voltage magnitude. The cascaded connection of buck and
boost converter is known as buck-boost converter.
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Figure 7 Different boost converter topologies [87].

Figure 8 Basic Circuit Configuration of Buck-Boost Converter [75].

The voltage gain and current gain parameter shows that they are more
sensitive towards the change in duty ratio. For D < 0.5, it works as buck
converter and for D > 0.5 its works as boost converter. The input impedance
is greater than load resistance when it works as buck converter and less then
load resistance when it works as boost converter [88, 89].

5.4 Cuk Converter

Cuk converter is used to step-up or step-down the input voltage like buck-
boost converter. The polarity of output voltage is reversed by using common
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Figure 9 Basic Circuit Configuration of Buck-Boost Converter [75].

terminal at input voltage side. Extra inductor is added in buck-boost topology
to filter out DC input and capacitor is added to transfer energy as shown in
Figure 9. They are useful in some battery charging applications and hybrid
power generating systems [90, 91].

5.5 Single-Ended Primary-Inductance (SEPIC) Converter

The SEPIC converter is used to supply regulated voltage. It works as both
buck and boost converter. It has simpler controller and minimum active
components. It will provide less noisy operation with clamped switching
waveform. The output voltage varies from higher to lower value of input
voltage. Two inductors make the large foot prints of power supply. To
overcome this problem, the manufacturer starts selling single “off-the-shelf”
package of inductor at the approximate same cost of one inductor. This will
also reduces the inductance value because of coupling between them. The
basic circuit includes coupled inductors, input and output capacitors, one
coupling capacitor, one power electronic switch and one diode as shown in
Figure 10. For proper operation of SEPIC converter, volt-microsecond balance
is maintained across each inductor core [122].

The performance parameters for all the basic DC-DC converters are
tabulated in Table 2. The designing of converter is heavily depending

Figure 10 Basic Circuit Configuration of SEPIC Converter [123].
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Table 3 Comparative Analysis of Basic DC-DC Converters
Characteristics

Converter
MOSFET
Rating

Input
Current

Output
Voltage Efficiency

Switch
Driver Cost

Buck Higher Non-
Pulsating

Not
Inverted

High Floated Low

Boost Lower Non-
Pulsating

Not
Inverted

Low Floated Low

Buck-
Boost

Higher Pulsating Inverted Low Floated Medium

Cuk Higher Non-
Pulsating

Inverted Medium Floated High

SEPIC Higher Non-
Pulsating

Not
Inverted

High Floated Medium

on these parameters. They are deciding the operating and non-operating
regions of a particular converter.

The designing of DC-DC converters plays a vital role in grid-tied PV
systems. For better understanding of designing, a comparative analysis of
DC-DC converters based on the critical reviews is carried out here [7]. A
clear picture of different attributes for basic converter topologies are shown in
Table 3.

6 Inverter

Inverter is useful in converting DC power to AC power for different appli-
cations. The installations of grid-tied PV systems are increasing because of
rapid development in power electronics technology. Inverter is a vital cog in
the line up of grid-tied PV system because it acts as an interfacing medium
between the solar PV system and utility. Inverter is also initiating the islanding
process after getting low and high signal according to the availability of the
grid. In single stage grid-tied system inverter will perform both MPPT and
grid synchronization.

6.1 Classification of Inverters

Grid-tied inverters are classified in three main categories; structural topology,
transformer less topology and multi level topology as shown in Figure 11.
Structural topologies are further classified as; central type, string type, module
type and multi-string type. Central inverter was used for medium voltage
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Figure 11 Classification of inverter topologies.

applications by combining series and parallel strings. They have some disad-
vantages like high power losses because of cone MPPT for complete string,
poor power quality and high cost. String type inverters are more useful because
voltage is boosted by the series connection of inverters in single string. String
inverters can have individual MPPTs for every inverter so that losses can
be contained. Modulated inverters are used in a big AC module made by
single solar panel. The mismatching problem is eliminated but the installation
cost increases, which reduces the overall efficiency. Finally the multi-string
inverters came in to picture as a combination of all the advantages. One string
is a combination of several solar panels connected in series and coupled with
DC-DC converter. Each panel in a string is controlled by separate MPPT so
that each module can function separately.

Grid-tied PV inverters are categorized in three main groups. Trans-
formerless topologies are further classified in three categories based on
their leakage current characteristics and decoupling techniques as shown in
Figure 11 [92]. Zero state decoupled inverters ensure the decoupling of inverter
during freewheeling period. And the inverters those perform decoupling and
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connecting to the mid-point of DC-link comes under zero state mid-point
clamped. However solid clamping are categorised separately.

6.2 Requirement of Grid-Tied PV System

The grid-tied system has two important tasks to perform: (1) tracking of
maximum power from the solar panels with the help of suitable MPPT
converter; and (2) The voltage at the PCC must be sinusoidal and at the same
level of grid voltage. Some specific standards are provided by the different
international societies for the power utilities across the world.

IEEE 1547 standard imposes some limits on maximum allowable current
in to the grid. The limit is very small (<0.5% of rated current) and can be
improved by galvanic isolation between PV system and the grid. But in case of
transformer less inverters it is a big concern and has to set the DC current value
with some precision. The EN 50106 standard is dealing with the allowable
deviation of voltage at the PCC. The German VDE-0126 is the only standard
which deals with the leakage current range in the transform less topologies.
They have also defined disconnection time of inverter from the grid when the
leakage current increases more than 30 mA.

With the availability of so many existing topologies, the choice of inverter
is a great deal in grid-tied PV system. The performance of the grid-tied PV
system is largely depending on inverter choice. The choice is made only
by comparing different attributes and chose according to their applications.
Therefore a comparative analysis is necessary and presented in Table 4.

Table 4 Comparative analysis of different inverter topologies
Attributes

Topologies 2 3 4 5 6 7 8 9 10
H5 1 400 V 5 0 3 1 Low 98.5 High
HERIC 1 400 V 6 0 3 1 Low – High
H6 type
MOSFET

1 400 V 6 2 3 1 Low 98.3 High

Improved H6 1 400 V 6 0 3 1 Very Low 97.1 High
HRE 1 400 V 6 6 3 1 Low 99.3 High
H6 2 400 V 6 2 3 1 Very Low 97.4 High
HB-ZVR 2 400 V 5 5 3 1 Low 94.9 High
oH5 2 400 V 6 0 3 1 Very Low – Low
PN-NPC 2 400 V 8 0 3 1 Very Low 97.8 Low
Unipolar H6 1 400 V 4 0 3 1 High – Medium
ANPC 2 800 V 6 0 3 1 Very Low 97.3 High

(Continued )
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Table 4 Continued
Attributes

Topologies 2 3 4 5 6 7 8 9 10
NPC
three-level

2 800 V 4 2 3 1 Very Low 98.2 Medium

Dual-parallel
buck

1 400 V 4 4 3 1 Low 99.0 Medium

Virtual DC
bus

2 400 V 5 0 3 1 Low – Medium

Flying
Capacitor

3 800 V 4 0 3 1 Very Low – High

Cascaded
H-bridge

N 400V/n 2(n – 1) 2(n – 1) 2n – 1 N Medium – High

Diode
Clamped

(n−1)
2 400V/n 2(n – 1) (n2−1)

2 2n – 1 n Medium – Low

Conergy NPC 2 400 V 4 0 3 1 Very Low 97.7 Medium
NPC
half-bridge

2 400 V 4 2 3 1 Very Low – Low

Note: 2 – Input Capacitors, 3 – Input Voltage, 4 – Number of Switches, 5 – Diodes,
6 – Output Voltage Level, 7 – Number of MPPT, 8 – Leakage Current, 9 – Maximum
Efficiency, 10 – Cost.

7 Control Algorithm for Inverter

Grid-tied solar PV system requires proper synchronization with the grid.
Control algorithms are very important for the operation of grid-tied PV system.
This section includes some basic and frequently used control algorithms for the
inverter control. Generally two control loops i.e inner current loop and outer
voltage loop are required for synchronizing PV inverter with the grid so that
the inverter ensures the controlled flow of active and reactive power to the grid.
Decoupled control is used for controlling active and reactive power. It also
maintains the DC-link voltage and responds very well during transient and load
varying conditions. Different control algorithms are represented in Figure 12.
There are two kind of current control schemes i.e direct and indirect controls
are available in the literature. Generally indirect current control technique
is used to generate the PWM signal for the inverter because of its better
performance over direct current control.

7.1 Instantaneous Reactive Power (IRP) based Control

In instantaneous reactive power theory the point of common coupling currents
and voltages are first transformed in to αβ0 coordinate system as shown in
Figure 12(a). Calculated instantaneous active and reactive contains both DC
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Figure 12 Different control algorithms used for inverter control: (a) IRP based control [115];
(b) SRF based control [117]; (c) ISC based [118]; (d) PB based control [120].
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and oscillating components. Low pass filter (LPF) is used to separate out the
DC components. The DC component of active power is the fundamental power
of the load and used for in reference current calculation while DC component
of reactive power maintains the voltage level of the grid by injecting small
amount of reactive power with the help of PI controller output, which is
regulated by the three phase voltage amplitude. The reference currents are
calculated with the help of calculated reference active and reactive powers
of the grid. These reference currents are compared with the source currents
to generate the gate signals for the switches of the inverter [115, 116]. This
control algorithm has fast response with minimum error between calculated
and reference signals.

7.2 Synchronous Reference Frame (SRF) based Control

The load currents and voltages are sensed back and transformed in to rotating
dq0 reference frame. The transformation of stationary to rotating frame
reference will take two conversion steps. First convert abc coordinate system
into αβ0 coordinate system with the help of Clark’s transformation for
calculating the value of angle by which the signals are shifted from their
original signal. After this the stationary αβ0 coordinate system converted
into rotating dq0 frame by using park’s transformation. Both fundamental and
harmonics components are present there in d-axis and q-axis currents as shown
in Figure 12(b). The transformed current signals are passed through LPF to
separate out the DC and oscillating components from their respective active
and reactive components [117]. On the other hand in dq-control the direct
transformation will take place with the help of some dq0 transformation. PLL
is used for generating the desired angle.

7.3 Instantaneous Symmetrical Component (ISC) based Control

The instantaneous symmetrical component theory is basically used for power
factor correction and load balancing in three phase three-wire or three-phase
four wire system. First of all the sequence components are calculated from
the extracted feedback signals of load current with the help of symmetrical
components [118]. The main aim is to remove the zero sequence components
so that load balancing can achieve. The power factor correction can be
achieved by suppressing the reactive power components to zero [119]. The
DC link voltage takes care of the active and reactive power supplied to the
grid. The scheme of reference current generation is shown in Figure 12(c).



A Comprehensive Review on Grid-Tied Solar Photovoltaic System 239

7.4 Power Balanced (PB) based Control

Power balanced theory is a simple concept of balancing the power at the PCC,
so that harmonics can be eliminated at ease. The first step is the calculation
of instantaneous active and reactive power demand. The active and reactive
power contains both DC and AC components. Fundamental component of
current is generated by using LPF. The error produced by the comparison
of reference and calculated DC voltage gives the loss component as an
output of PI controller. The addition of both the active component and loss
component will give total active component for grid currents [120]. Finally
the reference currents are calculated by multiplying in-phase template with
active components serially as represented in Figure 12(d).

7.5 Current Synchronous Detection (CSD) based Control

The current synchronous detection based control is based on the concept of
unit template generation and used to extract the reference grid currents for
active and reactive power control. The unit templates of in-phase and qudrature
voltage are generated, when source voltage is divided by calculated magnitude
of source voltages. The next step includes the calculation of instantaneous true
and wattles power. The DC components of both powers are extracted with the
help of LPF. The reference true power is computed by adding regulated output
of PI controller and DC component containing only fundamental [121]. The
reference true power is used to generate the reference current components for
pulse generation.

7.6 Comparative Analysis of Different Control Algorithms

There are dozens of control algorithms which are available in the literature for
inverter control in grid-tied solar photovoltaic system. The control of inverters
leaves a great impact on the system performance. The synchronization process
and improved power quality is purely depending on the inverter control.
The comparative analysis of different inverter control algorithms provides
a complete idea about their performance indices. Table 5 presents comparison
of different control algorithms.

8 Conclusion

A detailed literature survey is carried out in vicinity of grid-tied PV systems.
This paper presents a detailed modelling of PV system with the help of suitable
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Table 5 Comparative Analysis of Different Control Algorithms for Inverters
Performance Indices

Control
Algorithms Complexity Speed Sensors Performance Accuracy References
IRP Complex Medium Eleven Good Medium [115]
SRF Moderate Fast Nine Very Good High [117]
ISC Complex Medium Ten Good Medium [118]
PB Moderate Medium Ten Good Medium [120]
CSD Simple Fast Seven Poor Low [121]

mathematical analysis and PV array construction for high power applications.
More than 30 MPPT methods available in literature are thoroughly reviewed
and compared on behalf of different attributes. The comparative analysis
is helpful in guiding the researchers for choosing suitable MPPT method
according to their application. The DC-DC converters are also classified and
their operating regions are defined with the help their performance parameters.
They are critically reviewed and comparative study is presented. Classifica-
tions of single phase inverters are outlined and analysed critically to present
their comparative study. Different control techniques such as instantaneous
reactive power based control, synchronous reference frame based control,
power balance based control etc. are analysed thoroughly and their control
algorithms are presented for better understanding.

According to developed review, conclusions can be made that grid-tied PV
systems are proving to be a viable solution in support of heavy loaded grid. The
abundance of solar light and advancement in power electronics technologies,
continuously give popularity to PV systems. A comparative study of different
components will help the researchers, engineers and scientists to select the best
topology and control method for their particular applications. The continuous
research in the field of material and power electronics technologies will reduce
the overall cost and increases the system efficiency. The author intended that
this comprehensive review will be fruitful to the researches and engineering
working in the area of grid-tied PV system.
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