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Abstract Global environmental concerns and the advancements in power electron-
ics technology leading the application of Photovoltaic Systems (PVS) in the distri-
bution generation (DG). For generating electric power through the energy received
from the Sun, solar PVS is an emerging technology. It is playing a key role to con-
sume solar energy as much as possible. Electric power is generated by the PV array
in form of DC. This DC power before utilization for domestic or industrial uses
must be converted into AC. If the PVS is grid-connected then the inverter requires
high efficiency, maximum power point tracking, total harmonic distortion of currents
injected into the grid must have low and the power injected into the grid must be con-
trolled. The employed control schemes decide the performance of the inverter which
is connected to the grid. In this paper, all aspects related to grid-connected inverter
are presented that includes historical evolution of the inverter topologies, standards
and specifications, summary of inverter types, and classification of inverter topolo-
gies. Also, a discussion has been presented based on the number of power processing
stages required in the system to fed electrical power into the grid.
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1 Introduction

The increasing power demand throughout the world and environmental benefits of
using PVS are gaining more visibility toward PVS to supply electrical power directly
to the utility grid [1]. Themain drawback why PVS have not so far been installed into
the grid is its cost. It has relatively high cost, if compared to the conventional energy
sources. However, solid-state inverter is the key technology for placing PVS into the
grid. The cost of PV modules in now decreasing these days due to rise in production
capacity of PV modules which has the major component in the high cost of PVS in
the past. In order to get reduced overall cost of the system, the most challenging issue
these days is the cost of the inverter which is connected to the grid. To make PVS
more attractive, it becomes necessary to reduce the cost per watt of grid-connected
inverter [2].

A DC/DC converter is required to connect PVS to the electric utility grid together
with a DC/AC inverter. Typically used inverters are either Voltage Source Inverter
(VSI) or a Current Source Inverter (CSI). The application of VSI is gaining interest
throughout the world day by day in grid-connected PVS. Therefore, the main con-
straint in these inverters is high efficiency, also it is the serious constraint for the
effective application of these inverters in the grid-connected PVS [3]. The design of
VSI control system must be fast and accurate in order to ensure the proper operation
of the PVS in the grid-connected mode. As a result, in order to achieve appropriate
performance of the grid-connected PVS and for the actual tracking as per the antic-
ipated command, an appropriate VSI control system is needed. In a grid-connected
PVS, grid-connected inverter controls the current injected to the grid as a result DC-
link voltage is maintained to its reference value also, active and reactive powers are
regulated which is to be delivered to the grid [4].

Therefore, main focus in this paper has been placed on inverter solutions which
are new, innovative as well as cheap. It has been found in the high diversity within the
inverter itself and some new configurations of the system. Further, the study follows
an overview of historical as well as some new inverter topologies for interfacing
modules connected in PVS to the electric utility grid. Various approaches are dis-
cussed to recognize the most appropriate topology for PV inverters, and, finally, a
conclusion is given.

2 Evolution of Grid-Connected Inverter Topologies for PVS

An inverter is used to convert the DC output power received from solar PV array into
ACpower of 50Hzor 60Hz. Itmaybehigh-frequency switching basedor transformer
based, also, it can be operated in stand-alone, by directly connecting to the utility
or a combination of both [5]. In order to have safe and reliable grid interconnection
operation of solar PVS, the inverter is the key technology. The generation of high-
quality AC power is required for the electric utility system at reasonable cost, for
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which inverter is essential. The high-frequency power electronics-based switching
devices with PWM are used to meet these requirements [6]. There are five possible
topologies of inverter family in grid-connected PVS as shown in Fig. 1, viz., (a)
centralized inverters, (b) string, (c) multi-string, (d) AC-module inverters, and (e)
cascaded inverters [7].

The advantages and disadvantages based on the comparative study of the various
publications [8–14] are presented in Table 1.

Fig. 1 Inverter topologies in
grid-connected PVS:
a Centralized, b String,
c Multi-string, d AC-module
and e Cascaded inverter
topology
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2.1 Centralized Inverters

The centralized inverters were the first topology as illustrated in Fig. 1a with that a
large number of PV modules interfaced to the grid [15]. Each PV module generating
a sufficiently high voltage and is divided into series to form string as a result further
amplification of the voltage is avoided. Further, these strings were then connected in
parallel along with string diode to achieve high power levels.

ThePVmodules and inverterwere tiedwith the high-voltageDCcables in this cen-
tralized inverter, which is considered as the limitation related to this topology. Also,
the increased power losses in centralized MPPT, increased mismatch loss between
inverter and PVmodules, nonflexible design, and increased losses in the string diodes
are the severe limitations of this topology. The benefits of mass production could not
be achieved due to these factors. The grid-connected stage comprising poor power
quality and many current harmonics as it was ordinarily line commutated. This was
the occasion to evolve a new inverter topology as to overcome the large amount of
harmonics and comprises the evolving standards which also overcome power quality
issue.

2.2 String Inverters and AC-Modules

The string inverters and the AC-module are the two technologies which are widely
used in recent days also termed as present technology [15]. The string inverter is
nothing but the reduced version of the centralized inverter as illustrated in Fig. 1b,
where the inverter is connected to a single string of the PVmodules [16]. The voltage
amplification here can be avoided because of enough high input voltage. For Euro-
pean system, it requires only 16 PV modules approximate and the total open-circuit
voltage of whole system may reach 720 V for 16 PV modules. However, the voltage
in normal operation is as low as 450–510 V. If for voltage amplification, a line fre-
quency transformer or a DC–DC converter is used then there is also the possibility
to connect some PV modules in series also. Individual MPPTs can be applied for
each string and there would be no losses accompanying with string diodes. As a
result increased overall efficiency could be achieved as compared to the centralized
inverter with reduced cost because of mass production.

On the other hand as illustrated in Fig. 1d, in the AC module, PV module and the
inverter are integrated into one electrical equipment [16]. As there is only one PV
module so, it maintains optimal adjustment between the inverter and the PV module
and removes the mismatch losses. Also, there is a possibility of an easy enlarging
of the system because of modular structure. The inherent feature of this topology is
that it can become a “plug and play” device so that anyone can use it without any
knowledge regarding electrical installation.

On the other hand, increased complexity in the topology may lead to reduced
overall efficiency along with increase in price per watt due to the necessity of high
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voltage amplification. However, to keep low manufacturing cost as well as retail
prices, the AC-module is proposed to be mass produced.

2.3 Multi-string Inverters and Cascaded Inverters

The multi-string is the further development of the string inverter as illustrated in
Fig. 1c, in which several strings are interfaced to a single DC–AC inverter with their
ownDC–DCconverter [16, 17]. Since every string can be controlled separately there-
fore, this is beneficial over centralized system, since every string can be controlled
individually. Hence, with few modules, an operator may start his/her own PVS con-
nected to the grid. With the possibility of plugging a new string into the existing
platform with a DC–DC converter, further developments can be easily achieved as a
result a flexible design is hereby achieved with high efficiency [18–20]. To develop
an inverter which is capable to amplify very low voltage, 0.5–1.0 V and 100 W per
meter square, up to required voltage level for the grid is the main challenge for the
designers. Also, at the same time, it should reach high efficiency, that is why the
new converter technology is required these days. The cascaded inverter depicted in
Fig. 1e in which several converters have been connected in series to achieve high
power or high voltage from the combination of several modules. These parameters
would have supported this topology in medium and large grid-connected PVS.

3 Power Processing Stages-Based Inverters

There are broadly two categories of the inverters according to their power processing
stages: single-stage inverters (SSI) and multiple-stage inverters (MSI).

3.1 SSI: Single-Stage Inverter

Multiple functions are to be performed by the single-stage inverter, such as voltage
amplification function, controlling of currents to be injected into the grid, and the
maximum power point tracking process. The double peak power is also handled by
the design of single-stage inverter as per the below equation

pgrid = 2 PgridSin
2
(
ωgridt

)
(1)

where Pgrid denotes peak grid power and ωgrid denotes grid frequency.
A huge weight is added to the inverter by the application of low-frequency trans-

former in single-stage inverter (operating at low frequency), also, the peak efficiency



A Study and Comprehensive Overview … 1015

losses of 2% are introduced [21]. On the other hand, themost efficient, light in weight
and cost-effective converter design is transformer-less or high-frequency transformer
based converter design. The line frequency transformers are increasingly replacing
by these transformers.

3.2 MSI: Multiple-Stage Inverter

There are more than one power processing stages involved inmultistage inverter. The
function ofDC–ACconversion is executed by the last stage of power processingwhile
the voltage amplification function is performed the first and intermediate stages, the
galvanic isolation function is also performed by the intermediate stages in some of
the inverters. In [22] amultiple-stage inverter with buck-boost converter is presented.
As there is no transformer implemented so it is an example of non-isolated type with
input DC voltage of very low range [22]. Another isolated topology is presented in
[22] with multiple-stage buck-boost converter, in which transformer is implemented
of very high frequency which works on a very low DC voltage. The sine wave of
rectified current in both the aforesaid topologies received in the first stage and at the
line frequency is transformed into the full sine wave which is switched by the second
stage CSI. In both SSI andMSI, the power decoupling process is essential in order to
filter out the voltage spikes and to allow the DC component of the input PV source.
This decoupling is accomplished by the high capacitance which is offered by a bulky
electrolytic capacitor.

4 Conclusion

To adopt PV inverter technology interconnected with the grid in domestic as well as
industrial application, the most severe issues are their cost and efficiency. The cost is
not only determined by the rated power of the inverter. The variation in technology
is found from manufacturer to manufacturer which ultimately leads efficiency dif-
ferences, variations in size, reliability, weight, etc. These factors have also the same
impact on the costing of an inverter. The emerging topologies these days are advanced
topologies like energy storing and harmonic filtering devices, power switchingwhich
also leads lower cost and higher overall efficiency of power conversion, also, with
reduced number of devices. Some standards have been covered in this review which
is essential for an inverter to fulfill before implementing in grid-connected PVS.
This includes focussing on detection of islanding as well as injection of DC cur-
rents into the grid and power quality. The next part focuses on the large areas of
PV modules which are connected to the grid through centralized inverters to present
historical summary used in the past. In this part many shortcomings are included due
to which string inverters came into picture as an emerging technology. Naturally,
it was developed by adding more strings, individual DC–DC converter and MPPT
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connected to each string and a common DC–AC inverter is connected to them. Thus,
the multi-string inverters were highlighted. This has been believed as one of the
possible solutions from future perspective. Development of the AC-module was the
trend which has been seen in this field, where each PV module along with its own
DC–AC inverter is interfaced to the grid.
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