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A B S T R A C T

Numerous countries are trying to reach 100% renewable penetration. Variable renewable energy (VRE), for
instance wind and PV, will be the main provider of the future grid. Cost reduction of accelerates the large scale
VRE deployment around the world. The efforts to decrease the greenhouse gases are promising on the current
remarkable growth of grid-connected photovoltaic (PV) capacity. This paper provides an overview of the pre-
sented techniques, standards and grid interface of the PV systems in distribution and transmission level. This
paper compares the different review studies which has been published recently and provides an extensive survey
on technical specifications of grid connected PV systems. Moreover, the adopted topologies of the converters, a
thorough control strategies for grid connected inverters, as well as their applications in PV farms has been
studied. This study will help researchers and industry users to establish their research based on connection
requirements and compare between different existing technologies.

1. Introduction

It has been very clear from recent studies and documentations the
fossil fuels would last only a few more decades. The cost of fossil fuel
has become a major challenge for all of human kind. Not only the
economic value but the environmental impacts of fossil fuels have
clearly made us move toward alternatives [1–3]. The greatest alter-
natives that can really make a difference for sustainability, such as
reducing green-house gases and long term economics, are the renew-
able energy sources (RES) like wind and solar power. Solar photovoltaic
(PV) industry is the dominant type of RES technology integrated to
power grid systems as its cost reduces over the next ten years, while
deployment of PV systems continues to increase quickly. As penetration
of PV on the grid grows, finally reaching hundreds of gigawatt (GW)
interconnected capacity, a diversity of methods require to be taken into
account and also implemented at various scale, for reliable and cost-
effective connection into the power grid [4].

Since many PV interconnection applications involve high penetra-
tion scenarios, the process needs to allow for a sufficiently rigorous
technical evaluation to identify and address possible system impacts.
Thus, except of reducing the PV cost installation, others issues such as
standardization, simple improvements in design, better power electro-
nics, and simplified procedures for grid integration are already im-
proving the economics of PV systems.

They are many review studies on grid connected PV systems in the
literature. The comparison of the most recent review papers in the lit-
erature is present in this part. In [5] authors studied the current trend of
PV power plants development in the world, comparison of grid codes
for fault ride through (FRT), voltage, frequency, active power, and re-
active power was analyzed. After that, voltage stability, frequency
stability, active power regulation, and reactive power regulation was
studied. At last, the compliance technologies were investigated. Authors
of [6] reviewed the technical requirements of PV systems with micro-
inverters by analyzing the U.S. National Electrical Codes, standards and
utility grid-interconnection application, Michigan state requirements,
barriers and solutions for plug-and-play Photovoltaic systems, and ad-
vantages of microinverters. Ref. [7] studied the ratio between load and
PV power, possible complications associated with high penetration PV
into the grid, grid-connected inverters, and islanding detection
methods. In [8] standards and specifications of grid-connected PV in-
verter, grid-connected PV inverter topologies, Transformers and types
of interconnections, multilevel inverters, soft-switching inverters, and
relative cost analysis have been presented. [9] did a review on pro-
spects and challenges of grid connected PV systems in Brazil. [10]
mostly focused on the techno- economic analysis of the grid connected
PV system for building application. [11] reviewed the technical barriers
of PV system development. The authors did a survey on categorizing the
grid-connected and stand-alone PV systems, energy policy, a number of
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technologies implemented in PV cells, maximum power point tracking
(MPPT), energy management, energy optimization, issues related to
storage of energy in PV systems, hybrid PV systems, environmental and
economic concerns, operation and maintenance issues. Ref. [12] pro-
vided analysis, explanation, and introduction on typical distributed
MPPT and centralized MPPT. In [13] guidelines and standards of the
grid connected PV generation systems, effects of large PV integration
into the power grid, power quality requirements, protection methods,
and control capabilities have been investigated. As it can be seen each
paper mostly focus on only limited aspects of PV technical specification,
and there is no comprehensive review on this topic.

In this paper a handy extensive investigation on grid connected
photovoltaic system is conducted. The outline of the rest of the paper is
as follows. Section 2 analyses the challenges of photovoltaic integration
into the grid. Some integration solutions are also presented in this
section. In Section 3 the standard requirements and grid codes for PV
integration are studied. Section 4 analyses the power electronic inverter
topologies for Photovoltaic interconnection to the grid. Most popular
three phase inverters are investigated in Section 5. Most implemented
control algorithms for PV systems are presented at Section 6. Future
applications of PV are studied in Section 7. Finally, the paper is con-
cluded in Section 8.

2. Challenges to integrate solar photovoltaic

In spite of all advantages of PV, it might make some potential ad-
verse effect on the present power grid. Solar is known as non-dis-
patchable resources. There is no control over the input these kinds of
energy resources for later use when desirable [14]. The lack of control
over the input has a direct relationship with unpredictability of the
output power injected to the grid [15]. The incapability of generating
on-demand power triggers stability and reliability concerns to the
power system [14,16,17]. Some of the challenges that come along with
using renewable energies are depicted in Fig. 1 [18].

The information collected from an extensive survey on literature
shows that the PV output power fluctuation due to solar irradiance
intermittency is the most important problem of PV grid integration.
Thus, large scale integration of photovoltaic system into the distribu-
tion grid introduces corresponding problems such as voltage regulation
problem, harmonics, reactive power compensation, synchronization,
energy storage, forecasting and scheduling, and load demand man-
agement systems. A classification of technical challenges of large-scale
PV in the distribution systems are presented in Table 1.

Distributed system protection coordination in a feeder with high PV
integration using widespread distributed feeder measurement and uti-
lizing OpenDSS has been studied by [19]. Short circuit detection
technique for the PV inverter by valuating the magnitude and slope (d/
dt) of the PV inverter current is introduced in [20]. In order to prevent
any contrary effects of the short circuit current, the proposed system
either disconnects the inverter or transfers the inverter to a PV dynamic
reactive power compensator (STATCOM).

Higher solar integration requires implementation of battery (and
super-capacitor) energy storage systems to compensate high energy

(and high power) fluctuations caused by stochastic nature of renewable
resources [21]. Different methods for calculating the battery energy
capacity to accommodate a specific PV penetration level with minimum
cost has been studied in the literature [22,23]. Increased use of re-
newable energies, especially PV, has resulted in bigger implementation
of battery system in LV grid [24,25]. Large scale integration of PV
energy sources has a number of complications that need to be overcome
as PV begins to compete and in time replace more traditional means of
energy generation, i.e. coal, natural gas, and oil power plants.

There are various types of energy storage systems (ESS) that can be
used in conjunction with PV each of which has their uses in the electric
grid. Examples of these ESS are: pumped hydro energy storage (PHES)
[26–28], compressed air energy storage (CAES) [29–32,32], flywheel
energy storage (FES) [33–35], battery or electrochemical energy sto-
rage (EES) [36–40], flow battery energy storage (FBES) [41], super-
conducting magnetic energy storage (SMES) [42–49], and super-
capacitors or dual layer capacitors (DLC) [50–55].

The success of alternative energy is dependent upon the engineering
equipment and infrastructure which it is based upon and its ability to
capture and convert this energy [15]. The availability of solar power is
dependent upon the position of the sun, angle at which the sun-rays fall
upon the surface of the earth, and cloud location [18]. The places at
which these renewable resources are available are typically far from
their intended population areas. This would require extensive invest-
ment in transmission infrastructure in order to insure the proper and
secure transfer of energy produced. For the promise of alternative en-
ergy to be achieved, the following goals shown in Table 2 must be met
[56].

Similarly, for the success of renewable energy, proper technology
must be available for implementation [18]. Most researched technolo-
gies take anywhere between twenty to twenty-five years to demonstrate
the feasibility and large-scale commercialization before they are im-
plemented outside of the laboratory. The reason is that many of the
processes for these technologies must be perfected and optimized for
different operating environments. Apart from the optimization, all of
the technologies must also be patented, tested, safety evaluations must
be conducted, land procurement must be acquired, the financial ana-
lysis must be conducted, along with several other studies must take
place before such technologies can be seen to commercial use.

2.1. Present usage of PV generation

Currently, it seems impossible that todays power grid could run on
simple renewable resources unless there is a major advancement in
energy conservation and improved energy efficiency.

One way to overcome this while using the available technology is to
use other dispatchable renewable resources which can be kept running
in reserve modes. Examples of some dispatchable renewable resources
are [15]: Hydroelectric, Biomass, Geothermal.

Some of the other solutions that have been looked at is the solution
of using compressed air storage, batteries, and the use of molten salts in
appropriated solar thermal plants [57]. Some of the downsides from
these approaches include losses in the process of energy storage,
transfer and usage along with the limited density of energy that these
systems are capable of storing with todays available technologies [58].

The inability to produce on-demand real and reactive power, in a
way that generators have spinning reserve can be compensated by using
energy storage systems. Therefore, the power generated by renewable
energy resources like solar and the wind could be stored and then later
used in order to abide by the load balancing act and available energy
[59]. In todays society, pumped hydro devices almost dominated large-
scale energy storage system in the USA [60]. However, some battery
energy storage System also known as (BESS) are installed [61].

Application of energy storage has been known for their ability to
provide many of the auxiliary functions such as load leveling, peak
shaving, voltage regulation, VAR support, frequency control, spinning
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Fig. 1. Challenges that arise when integrating renewable resources into the smart grid.
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reserve and power quality mitigation that the power system so despe-
rately need [14]. Renewable resources on the grid can be used in order
to fix problems with fluctuations of power by introducing storage of the
produced energy and secondly with the concept of distributed genera-
tion [62].

3. Grid code requirements

PV capacity reached a global total of 100 GW as of 2012, estab-
lishing itself as just one of the expeditiously growing renewable re-
sources. With the massive injection of power from renewable resources,
into the energy grid; there is a definite need to keep power require-
ments uniform to ensure reliability and stability. The use of universal
and detailed standards, that lay out specific guidelines for integrating
renewable resources into the energy grid. These standards and so-called
Grid codes have responsibilities such as: voltage and frequency stabi-
lity, power regulation, response to atypical energy system conditions,
and system restoration. Presented below are these topics from various

national requirements.

3.1. IEEE 1547 [63]

Standard IEEE 1547 establishes foundational criteria for all types of
interconnected distributed energy resources (DER) connected to Area
Electric Power Systems (EPS). Generally this standard is applicable up
to 10 MW of distributed generation, and sets mandatory requirements.
The standards main objectives are: technical requirements for inter-
connection and testing the interconnection, to EPS. The following sec-
tions will outline certain aspects of IEEE 1547.

IEEE Std 1547-2014 presents obligatory prerequisites for the inter-
connection of DER with the electric power networks. The focus of this
standard is mostly on radial distributed feeder interconnections. For
DER interconnected on the distribution grid, all parts of IEEE Std 1547-
2014 needs to be fulfilled.

Normally distribution voltage regulation occurs at substation level.
However, According to IEEE 1547, photovoltaic and wind turbine

Table 1
Technical challenges in regards to implementation of renewable energy to the smart grid.

Technical Challenge Description of challenge and how it effects the smart grid when renewable energy is integrated

Voltage Fluctuation/Intermittency Major issue due to the intermittency of these renewable resources. This is seen to occur because of the variance of available solar energy at
any given point throughout the day. Fluctuating voltage can disturb sensitive equipment and possibly reduce the life of power electronic
devices

Harmonic Distortion Voltage distortion and fluctuation issues can be produced by injected harmonics onto the grid. Power electronic devices and operative non-
linear appliances are the main sources of high percentage of total harmonic distortion (THD)

Reactive Power Compensation Because of variations in the active and reactive power, a fixed capacitor or switched capacitor or static compensator can be implemented as
a power regulator

Synchronization In order to ensure power quality in the grid, synchronization of grid frequency, voltage, and phase is a crucial aspect
Energy Storage This is another aspect that is imperative with the purpose of ensuring the reliability of power delivery. Energy storage systems are being

used to bring the instability and uncertainty under control in the production of varying types of renewable energies. Some existing energy
storage methods are listed in Section 2 of this paper

Forecasting and Scheduling Knowing future weather patterns will play a crucial role in the variability of renewable energy as it is introduced into the smart grid. In
order to reduce the intermittency on the network, accurate forecasts must be produced to produce satisfactory power quality and to
perform viable load management systems

Load Demand Management Systems Planning and management of the load demand is crucial for power quality improvement of the smart grid with renewable energy
integration. With proper planning and management adequate power quality can be supplied in a safe and efficient manner uniformly
across the entire power grid at varying loads and demands

Table 2
Required Fundamentals for Grid Integration of Renewable Energies.

Area of interest Target Goals

Standards Must abide and comply with ANSI, UL, NEC, and OSHA standards for operational usage
Implementation planning and future forecasting • Must be able to perform for approximately 25–30 years

• Modern energy management systems to incorporate variability of renewable resources

• Computational intelligent forecasting tools

• Integrate storage elements

• Fleet management

• Closed loop control mechanism to reduce disturbances

Performance of the components Over a 25–30 year projected lifetime performance the device should be able to:

• Have less than 5% internal loss while in a fully charged

• Have an efficiency of over 90%

• Be able to perform over 50,000 cycles of charging and discharging with no less than 40% of PV capacity within 1 min

• Must be supplied at a reasonable time frame and generate power on demand regardless of the time of day

Financials/Cost of overall project • Must have feasible cost in regards to performance and return

• Should cost less than 14 cents/kW h after the system is fully installed

• Cost analysis studies should include cost for proposed solutions including the cost of the PV plant, inverters, storage
devices, hardwares, software, interconnection, and other devices which will ensure proper and optimal operations of the
system

Communication to and from components on the
smart grid

• Must allow monitoring and communication to and from the components within each sub system

• Safe to maintain and preventative against external attack

• Must be able to be controlled and provide feedback to the supplying utility company

• Communication protocols must be compatible with current power electronic devices on the smart grid for having a
homogeneously operating smart grid

• Protocols used in communication cannot be replicated by other industries

• Must be able to respond to electrical market prices and have capability to respond to load forecasting in order to
determine the optimal methods to provide the best power quality within the smart grid
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systems should not cause area electric power systems (EPS) to set the
voltage at the point of common coupling (PCC) actively. In addition, the
DER should not force the service voltage of Area Electric Power systems
outside of operating ranges specified by ANSI C84.1-1995 (Range A).
ANSI C84.1-1995 voltage ranges are shown in Table 3.

Area EPS are designed to have radial one-way power flow, which is
from the substation to the load. This brings a unique challenge because
DER possibly will cause two-way power flow, which could affect the
EPS voltage. For example, if generated power by a DER source is in-
jected into the power system, the load current will be offset and reduce
the voltage drop at the Area EPS; because of DER, Local EPS loads can
be offset and possibly affect the voltage. In addition, DER sources ab-
sorb (Inductive) and supply (Capacitive) reactive power into the
system. These situations accentuate the need for the IEEE 1547 re-
quirement that DER should not actively regulate voltage.

3.1.1. Voltage
There are system response requirements for typical voltages. When

a voltage within the specified range given in Table 4 is detected, the
DER should discontinue energizing the Area EPS, in the period of the
indicated clearing time. The time between the start of the abnormal
condition and the discontinuing the DER energization of the Area EPS is
called clearing time.

3.1.2. Frequency
When the power system frequency is detected within the ranges

listed in Table 5, the DER should discontinue energizing the Area EPS
before clearing time limit. The Clearing time is the period of time be-
tween the beginning of the condition and the DER discontinuing to
energize the Area EPS. If there is an Area EPS disturbance, the DER is
not allowed to connect back to the power system until Area EPS voltage
is restored to the specifications listed in ANSI C84.1-1995 (Range B)
and frequency within: 59.3 Hz to 60.5 Hz. Furthermore, the system
should include a fixed or adjustable delay, up to a maximum time of
five minutes, which ensures no reconnect until Area EPS steady-state
frequency and voltage are returned to the aforementioned ranges in
Table 5.

3.1.3. Power quality
The dc current is not allowed to be bigger than 0.5% of the nominal

output current at the PCC. Moreover, there are limitations for injected
harmonic currents into the Area EPS at the point of DER connection;
given in Table 6. The concern about dc current injection and dc voltage
bias into the grid by PV system is studied in [64]. In this paper a single-
phase inverter for PV application with low-frequency transformer (LFT)

investigated. Total harmonic distortion (THD) is another measure of
power quality in OV systems. Current THD has bigger values in cloudy
days, even there is no resonant in the network.

3.1.4. Islanding
One of the most important concerns in utilizing PV in power system

is islanding. Islanding happens when a line is disconnected and is en-
ergized by one (or multiple) DERs, whilst that section of the EPS is
electrically cut off from the remainder of the EPS. If this situation is not
discovered quickly, it may introduce dangerous safety condition [65].
During unintentional islanding, the DER shall have the means to re-
cognize the accidental island and discontinue to energize the EPS in less
than two seconds of the island’s creation.

Other General requirements are as follows. IEEE 1547-4.1.3: The
DER shall be in parallel with Area EPS and does not cause any voltage
deviations at PCC larger than ± 5% of the nominal voltage of the Area
EPS. Furthermore, unacceptable flicker shall not be produced by the
DER for other customers on the Area EPS. IEEE 1547-4.1.5: the Area
EPS shall not be energized by the DER while the Area EPS is not en-
ergized. IEEE 1547-4.1.7: An accessible, lockable, and clearly distin-
guishable disconnection device shall be provided to disconnect Area
EPS from DER. IEEE 1547-4.1.8.2: The system of interconnection
should be able to tolerate current and voltage swells in agreement to the
conditions provided in IEEE standard C37.90.1-2012 or IEEE standard
card C62.41.2-2002 as applicable. IEEE 1547-4.1.8.3: The connected
parallel DER to the system should be able to tolerate 220% of the in-
terconnection system nominal voltage. IEEE 1547-4.2.1: The DER unit
should stop energizing the Area EPS for faults on the Area EPS circuit to
which it is connected. IEEE 1547-4.2.2: The DER should halt en-
ergizing the Area EPS, earlier than reclosure by the Area EPS. IEEE
1547-4.2.2: The DER and its linked system should not inject dc current
bigger than 0.5% of the nominal current at the PCC.

3.2. German grid codes

This section will take a look at German Grid code. This research
picks Germany since this country retained its world rank in 2012 as the
third largest investing country in renewable resources. 7.6 GW of solar
capacity was installed, making it the largest for any country.

The Grid Codes objectives are keeping safety and reliability of
network operation in accordance with the requirements of Energy
Economy Law (ENergiewirtschaftsgesetz EnWG). The grid code allows
for on-site calculation of minimum and maximum power at which the
plant is connected to the medium voltage network. The grid code

Table 3
ANSI C84.1 Voltage Ranges for 120 V Base.[63]

Service Voltage Utilization Voltage

Minimum Maximum Minimum Maximum

Range A 114 (−5%) 126 (+5%) 110 (−8.3%) 125 (+4.2%)
Range B 110 (−8.3%) 127 (+5.8%) 106 (−11.7%) 127 (+5.8%)

Table 4
Interconnection system response to abnormal Voltages [63]

Voltage range (% of base voltage)a Clearing time (sec)b

V < 50 0.16
50 V < 88 2.00

110 < V < 120 1.00
V 120 0.16

a Base voltages are stated in ANSI C84.1-1995 as the nominal system voltages.
b Maximum clearing times for DER ⩽30 kW default clearing times for DER > 30 kW.

Table 5
Interconnection system response to abnormal Frequencies [63]

DER size Frequency, range (Hz) Clearing, time (sec)

⩽30 kW >60.5 0.16
< 59.3 0.16
> 60.5 0.16

< {59.8 57.0} (adjustable set point) Adjustable 0.16–300

>30 kW <57.0 0.16

Table 6
Maximum Harmonic Current Distortion in Percent of Current (I) [63].

Individual harmonic order h (odd harmonics) Percent (%)

h < 11 4.0
11 < h < 17 2.0
17 h < 23 1.5
23 h < 35 0.6
35 h 0.3
Total demand distortion (TDD) up to the h = 50 harmonic 5.0
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specifies that DER shall be dynamically grid supported. More expressly
DER (PV system) must have the capability to remain connected during a
fault, support or provide system with reactive power for the time of
fault, and absorb similar or smaller reactive power after the cessation of
a fault.

With respect to PV systems (specified as type 2 plants) in German
grid code; they must not disconnect from the network when a voltage
drop to 0% Uc and time duration of ⩽150 ms occurs. Fig. 2 indicates
ranges for disconnection, and ranges where DER must stay grid con-
nected. If there is a voltage drop above borderline 1, the DER must
remain stable and connected. Voltage drops above borderline 2, but
below borderline 1, shall also be ridden through. Based upon network
operation agreements certain options are available for this range:

In addition there shall be a set point given by the network operator
that must be attainable from any operation point. The generation plant
must be able to reduce power in levels of 10% or smaller of the agreed
upon rated output power.

As shown in the below Fig. 3, when system frequency rises above
50.2 Hz, there must be a reduction in output power. The power re-
duction shall be reduced with a gradient of 40%/Hz of instantaneously
available power, and shall not be increased until frequency is below
50.05 Hz. For frequencies greater than 51.5 Hz and less than 47.5 Hz,
the generation plant shall be disconnected from the grid.

3.2.1. Static grid support
Generating plants must have the capability to deliver reactive power

at all operational points in line with the following displacement factor
in the grid’s connection point: =cos φ( ) 0.95underexcited to 0.95overexcited.

Reactive power will be delivered only for the duration of the feed-in
operation. Therefore, there is no necessity to deliver reactive power at
night time when no irradiance can be collected from the sun. Reactive
powers set point can be fixed or variable signal by the network op-
erator. Criteria for the value of the set point are:

• Fixed displacement factor of cos φ( )
• Or a variable displacement factor depending on active power cos φ( )
• Variable reactive power depending on voltage Q(U)

To have a better overview of the grid codes in the world, Table 7
provides a comparison of national standards and grid codes for select
countries.

4. Inverter topologies in photovoltaic application

This part of the paper begins with an indication of some current
power inverter topologies for combining PV modules to the electric
power grid.

Central inverter (20–100 kW): In centralized inverter topology, the
PV modules are divided into series connections (called string), each
generating a sufficiently high voltage to avoid further amplification.
These series connections are then connected in parallel, by using string
diodes, to reach high power around 10 kW and 250 kW. Central in-
verter configuration is shown in Fig. 4(a).

Disadvantages of centralized inverters are as follows.1-High voltage
dc cables between the PV modules and the inverter. 2- More power loss
due to a centralized MPPT, mismatch losses between the PV modules,
losses in the string diodes. 3- Non flexible design in large production PV
plants.

String Inverters (1–8 kW): The string inverters are reduced version
of the centralized inverter, where a single string of PV modules is
connected to the inverter. The input voltage may be high enough to
avoid voltage amplification. There are no losses associated with string
diodes and separate MPPTs which results in the increase of the overall
efficiency compared to the centralized inverter, and the reduction in the
price, due to mass production. String inverter configuration is shown in
Fig. 4(b).

Multi-String Inverters (8–20 kW): In multi string configuration,
several strings are interfaced with their own dc-dc converter to a
common dc-ac inverter. The benefit of this configuration is that each
string can be controlled individually. [69]. Multi-string inverter con-
figuration is shown in Fig. 4(c).

AC Modules (150–600 W): The ac modules integrates each PV panel
and the inverter into one electrical device [70]. It removes the mis-
match loss between PV modules, since there is only one PV module.
This configuration increase the possibility of large integration. AC
modules are best for installations where one or more panels may be
shaded, or where panels are facing different directions. A system that
uses ac modules will produce slightly more power than a similar system
with a string inverter, however, they are more expensive than string
inverters [4].AC module configuration is shown in Fig. 4(d).

By performing a comparison between these four configurations it is
clear that the efficiency of these inverters have this relationship:

Centralized inverter < Multi-string Inverters ⩽ String Inverter < AC
Modules.

4.1. Topology classification of inverters

A classification of diverse inverter designs is presented in this sec-
tion. The topologies are classified based on the number of power pro-
cessing steps, position of capacitors for decoupling the power, if they
utilize transformers or not, and kinds of grid interface.

4.1.1. Stages of power processing
Fig. 5 displays three circumstances of multiple and single stage

Fig. 2. Fault Ride Through Germany [66].

Fig. 3. Dynamic response of German power grid [67].
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inverters.
Fig. 5(a) represents a single-stage inverter. This inverter must take

over all the responsibilities by itself, for example, grid current control,
MPPT, and voltage increase. This configuration is the typical arrange-
ment designed for a central inverter. [70] suggests that the inverter
should design in a way that could be able to tolerate a peak power of
double of the rated power.

A dual-stage inverter is illustrated in Fig. 5(b). The MPPT and
possibly the voltage increase is are the dc - dc converter responsibility.
The dcdc converters output is either a pure dc voltage or modulated
current to follow a rectified sine wave. When the converter is designed
to control the rated power, the output is dc. When the dcac inverter is
used for handling the grid current using bang-bang operation or pulse
width modulation (PWM), the output is modulated current. In the later
case, the dcac inverter switching frequency is equal to the grid fre-
quency, and the rectified current is transforming to a full sine-wave.
Then the current control is managed by the dc dc converter. In this case,
a high efficiency can be reached if the nominal power is low. Further-
more, PWM mode should be implemented for the grid-connected in-
verter if the rated power is high.

The multi-string inverter is illustrated in Fig. 5(c). The dcdc con-
verters are solely used for voltage increase and MPPT. The dc-link,
which is responsible for controlling the grid current, is the point that
dcac inverter and the dc-dc converter are connected. Using this method
gives a better control of each PV string and the shared dcac inverter

may be based on standard variable speed drive (VSD) technology.

4.1.2. Power decoupling
is typically attained by using an electrolytic capacitor, which is the

key factor in limiting the lifetime and should be remained as small as
possible and can be substituted by film capacitors if possible. As shown
in Fig. 6, the capacitor can be located either in the dc-link between the
stages of inverter or in parallel with the PV modules.

4.1.3. Modes of interconnections
As illustrated in Fig. 7, some inverter applications use a line-fre-

quency transformer on the way to the power grid, others use a high-
frequency dc-ac inverter or dcdc converter with an implemented
transformer, and finally, some topologies do not utilize transformers at
all. Because of the large size of the e-frequency transformer, it is known
as an inadequate component.

Just a small number of high-input-voltage transformerless topolo-
gies that can be grounded both at the input and at the output have been
introduced in the literature [72]. One configuration is illustrated in
Fig. 8

5. Three phase grid connected inverters

In [73] a Multi-Functional Grid-Connected Inverter (MFGCI) has
examined as shown in Fig. 9. three-level PWM achieved by employing
an asymmetrical leg, similar to the single-phase H-bridge converter,
that produces less voltage harmonic on the ac side compared with a
two-level design. In three phase utility, this MFGI can be employed to as
three autonomous voltage source inverters as shown in Fig. 9(a). It can
also be used as a combined inverter as shown in Fig. 9(b), in which the
dc-bus is shared with three cells and is fed by renewable energy sources
and/or energy storage devices.

A three-phase MFGCI configuration utilizing soft-switching

DC
ACPV

Grid

CPV

DC
DCPV

CPV

DC
AC

Grid

CDC

a)

b)

Fig. 4. Summary of PV inverters technologies. (a) centralized (b) string (c) multi-string
(d) ac-module and ac cell technologies [71].
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Grid

Grid
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DC
AC

Grid
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a)

c)

Fig. 5. (a) Single power processing stage (For voltage amplification, grid current control,
and MPPT) (b) Dual power processing inverter (dcac inverter controls the grid current,
the dcdc converter is in charge of the MPPT, the Voltage amplification can be included in
both stages. (c) Dual-stage inverter [71].
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Fig. 6. Locations of power decoupling capacitor: (a) Parallel with the PV for single-stage
inverter utilization. (b) Parallel with the PV modules and/or the dc-link for multi-stage
inverter utilizations [70].
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Fig. 7. (a) For solving problems with dc currents injection to the grid, Line-frequency
transformer (LFT) may be located between the grid and the inverter. (b) For HF-link grid-
connected ac/ac inverter applications, a high-frequency transformer (HFT) may be im-
plemented (c) HFT is placed in a dc-link PV-module-connected dcdc converter [70].
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technology is shown in Fig. 10 [75,76]. This formation generally con-
tains auxiliary active resonant commutated snubber link auxiliary
(ARCSL), PV array, and LCL-filter. However, the filter can be newly
proposed filters like LLCL or L LCL( )2 [77–79]. An active power filter for
integrated grid-connected PV applications and related controllers are
proposed in [80]. Eliminating the harmonics and providing power from
the PV are two purposes of the controller.

A cascaded multilevel grid-connected inverter for high voltage im-
plementation and high power PV system is presented in [82–84]. low
device rating, lesser electromagnetic interference, and improved power
quality, modularity, etc. are the advantages of this topology for in-
verters. Considering a cascaded PV system, the output voltage from
each individual converter module synthesizes the total ac output vol-
tage in one phase leg that must satisfy grid codes or necessities. Un-
balanced ac output voltage can be the result of active power in-
compatibility of these units. The reason is that the same grid current
runs in the ac-side of each converter unit.

The reactive power, harmonic and unbalance current can also be
compensated by the MFGCI. In order to ease the procedure of reference
current generation, multi-functional grid-connected inverters (MFGCIs)
mostly use direct current control. Tables 8 and Table 9 display a
thorough assessment of different kinds of grid connected inverter’s
topologies in three-phase and single-phase applications, respectively.

6. Control of grid connected PV systems

In order to connect the PV system to the grid, controlling the power
conditioning devices are the most important task that should be im-
plemented. The controlling systems have two major parts.

6.1. Renewable side controllers

These controllers are mostly implemented for maximum power
point tracking systems to extract the most from distributed sources.
Moreover, these controllers may be used to protect the converters.

6.1.1. MPPT control
MPPT plays a key role in the performance of a PV system [128,129].

Many MPPT methods have been implemented and developed based on
different approaches, like computational models used in machine
learning [130], fuzzy and vary in complexity, popularity, required
measurements, convergence speed, implementation hardware, cost and
range of effectiveness.

A comprehensive review was conducted in [131] for many different
MPPT methods introduced in the literature.

In Table 10 the main features of all the MPPT methods are pre-
sented.

6.2. Grid-side controllers

that are being used to perform active power control, reactive power
control, DC-link voltage control, power quality control, and grid syn-
chronization. These are the basic features for grid-connected inverters.
However, some utilities may request the additional service like com-
pensation of harmonics, voltage regulation, local frequency, etc.

6.2.1. Active and reactive power control
Active power generation at low demand situations can cause

PV

DC

AC
CDM

CDM

CCMCnoiseGsysGequ

LDM

LCM

CDM

CDM

CCM

L1

N
G

Fig. 8. High-input-voltage transformerless PV inverter (with common-mode (CM) and
differential mode (DM) EMI filters) [72].
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Fig. 9. Topology and its of the MFGCI cell (a) application in
three-phase utility (b) application in three-phase utility [74].
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overloading of the transformer or serious levels of grid voltage increase.
On the other hand, the most important preventive cause to avoid the PV
integration into the grid distribution networks is voltage rise [132].
Nominal or maximum power is provided by PV inverters during a
limited time and the remaining power capacity of the inverter can be
utilized for the voltage control purposes. Active power curtailment and
reactive power control are two economical and technically feasible
solutions [133].

The amount of reactive power that can be provided by a PV system
is limited. The voltage might not maintain in the satisfactory limits
when active power production is high. This may happen because of
inadequate inverters capacity for a reactive portion. Furthermore, the
reactive power effectiveness in low voltage (LV) networks is limited due
to bigger R/X values. In order to prevent the high voltage limit viola-
tion, it is essential to curtail the active power. Different techniques for
power curtailment are suggested by [132,134,135]. These techniques
are costly for the PV panel owner because of cutting generated power.
Therefore, optimal usage of present reactive power can lead to decrease
the number of power curtailments.

Local control: Among many different proposed methods for re-
active power control, three techniques are mostly implemented: 1-local
power generation measurements [132,136,137], 2- local voltage

measurements method [132,136,138], and 3- combination of both. The
reference voltage is defined by local measurement method for con-
troller design of reactive voltage, as presented in [139]. If local para-
meters are not synced with the grid, the local control techniques may
cause an extreme consumption of reactive power or maybe insufficient
voltage support.

Centralized control: The local control parameters were optimized
by using a centralized optimization in [140]. Even though the PV
output is in direct relationship with the cloud covering situations, op-
timum points of operations are achieved by tuning the local controllers.

Cascaded multilevel converters control
A cascaded multi-level PV system for large-scale PV implementation

is proposed in [141]. This system employed cascaded multilevel in-
verters and a current-fed dual-active-bridge (CF-DAB) dc - dc converters
and as shown in Fig. 11. Separate control system for active and reactive
power is designed for improving the system performance when it is
operating. Each PV converter controls the reactive power in real-time to
decrease the chance of the over-modulation, which may result in the
asymmetrical active power output from the PV arrays. The system
lifetime can be enhanced by placing film capacitors instead of electro-
lytic capacitors. A large low-frequency dc voltage ripple is allowed by
the proposed PV system. This will not affect the MPPT attained by

Bidirectional Converter with ARCS

B
at

te
ry

 A
rr

ay

LCL Filter

T
hree Phase L

oad

Fig. 10. Utility connected bidirectional soft-switching
MFGCI [81].

Table 8
Comparisons of multi-functional three-phase grid-inverter topologies

Utility Author Topology Current mode Modulation/control Capacity Switching frequency
(kHz)

Extra functions Application

Three- phase Mohod and Aware [85] H-bridge Direct Hysteresis 50 kVA – APF Battery
Marei et al. [86] H-bridge Direct SPWM/FLC,PI – – APF Micro-source
Cheng et al. [87] H-bridge Direct SPWM/droop control 1 kVA 20 UCa Micro-source

Lv et al. [88] H-bridge Direct SPWM/PI 400 kVA 12.8 APF Micro-source
Han et al. [89] H-bridge Direct SPWM/PI 30 kVA 10 APF,ISWC WT
Li et al. [90] Four-bridge Direct SPWM/PI – 10 ISWCb Micro-source
Wang et al. [91] Four-bridge Direct SPWM/PI,PR – 16 UPQC Micro-source
Yu etal. [92] Four-bridge Direct SPWM/PI – – ISWC,APF Micro-source
Dasgupta et al. [93] H-bridge Direct SPWM/Lyapunov 75 VA – APF Micro-source
Cheng etal. [94] H-bridge Direct – 5 kVA – PFC, UPS PV
Naderi etal. [95] H-bridge Direct Hysteresis – – APF,RPI Micro-source
Sawant etal. [96] Four-bridge Direct 3D-SVPWM – 10 APF,UC PMSG
Wang etal. [97] Four-bridge Direct SPWM/PI 1 kVA 10 APF PV
Majumder etal. [98] Full-bridge Direct Hysteresis/LQR – – APF,UC Micro-source
Gajanayake et al. [99] ZVI Direct SVPWM/PI 1 kVA – APF Micro-source
Tsengenes and Adamidis
[100]

Three-level NPC Direct SVPWM/PI – – APF PV

Saitou etal. [101] H-bridge Direct SPWM/PI – 15 RPI Battery
Chandhaket etal. [76] H-bridge Direct SPWM/PI 20 kVA – PWM Battery
Abolhassani etal. [102] H-bridge Direct SPWM/PI 7.5 kVA – APF DFIG
Wuetal. [103] H-bridge Direct SPWM/PI 1.1 kVA 20 APF PV
He etal. [104] Full-bridge Direct SPWM/repetitive 5 kVA – APF Micro-source
Yu etal. [105] H-bridge Direct SPWM/PI 10 kVA – APF,RPI Micro-source
Kim etal. [106] H-bridge Direct Hysteresis – 20 APF PV

a Dynamic voltage regulator.
b Unified power quality conditioner.
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means of CF-DAB dcdc converters.

6.3. Control strategies [142]

Joining the photovoltaic system may cause some major problems
like the instability of the grid and disturbances. By implementing
control systems these effects can be mitigated properly. Generally,
controllers have six different categories based on their applications,
which is summarized in Fig. 12.

(1) Linear controllers have three sub categories

• Classic controllers including: proportional, proportional-integral

(PI), proportional-derivative (PD), and proportional-integral-de-
rivative (PID) controllers.

• Proportional - Resonant (PR) controller [143]: the difference
between classic PI controller and PR controller is how integration
part perform. The PR controller only integrates frequencies close
to the resonant frequency. Consequently, phase shift or stationary
error is not included.

• Linear-quadratic Gaussian (LQG) controller is a mixture of the
linear-quadratic regulator (LQR) and a Kalman filter. LQG control
is applicable in both linear time-invariant systems and linear
time-varying systems[144].

(2) Nonlinear controllers: has more complicated design and

Table 9
Comparisons of multi-functional single-phase grid-inverter topologies

Utility Author Topology Current mode Modulation/control Capacity Switching frequency (kHz) Extra functions Application

Single-phase
Bojoi etal. [107] Full-bridge Direct SPWM/repetitive 4 kVA 10 APF,PFC Micro-source
Cirrincione etal. [108] Full-bridge Direct SPWM/PR – 15 APF PV
Macken etal. [109] Full-bridge Direct SPWM/PI 1 kVA – APF PV
Hosseini etal. [110] Two-boost Indirect SPWM/PI 3 kVA 20 DVRa,PFC PV
Dasgupta etal. [111] Full-bridge Indirect SPWM/repetitive – 10 DVR,HVC PV
Lin and Yang [112] Three-leg Direct SPWM/PI 1.5 kVA 20 UPQCb PV
Patidar etal. [113] Full-bridge Direct Hysteresis/PI 1.2 kVA 25 APF PV
Hirachi etal. [114] Full-bridge Direct SPWM/PI 3 kVA – APF PV
Dasgupta etal. [115] Full-bridge Direct SPWM/Lyapunov – 10 APF Micro-source
Seo et al. [116] Full-bridge Direct SPWM/PI 3 kVA 20 APF PV
Wu andShen [117] Full-bridge Direct SPWM/PI 1 kVA 25 APF PV
Wu etal. [118] Half-bridge Direct SPWM/PI 1.5 kVA 20 APF PV
Wu et al. [119] Full-bridge Direct SPWM/PI 1 kVA 19.45 APF,PFCc PV
Sladi etal. [120] Full-bridge Direct Hysteresis – 15 APF PV
Chiang etal. [121] Full-bridge Direct SPWM/PI 1 kVA – APF,UPSd PV
Kuo. [122] Three-leg Direct SPWM/PI 1 kVA 18 APF PV
Souza et al. [123] HB ZVS Direct SPWM/PI 1 kVA 100/10 APF PV
Calleja etal. [124] Full-bridge Direct Hysteresis 1 kVA 14.2 APF,RPIe PV
Mastromauroetal. [125] Full-bridge Direct SPWM/repetitive 1.2 kVA 2200 DVR,HVCf PV
Kuo et al. [126] Full-bridge Direct SPWM/PI 1.5 kVA 20 APFg PV
Wu et al. [127] Full-bridge Direct SPWM/PI 1.5 kVA 20 APF PV

a Power factor correction.
b Uninterrupted power source.
c Real power injection.
d Harmonic voltage compensation.
e Active power filter.
f Unbalance compensation.
g Voltage interruption/sag/swell compensation.

Table 10
Examples of different MPPT METHODS.

MPPT Technique PV Array Dependent True MPPT Analog or Digital Periodic Tuning Convergence Speed Complexity Sensed Parameters

Hill-climbing/P &O No Yes Both No Varies Low Voltage, Current
lncCond No Yes Digital No Varies Medium Voltage, Current
Fractional Voc Yes No Both Yes Medium Low Voltage
Fractional Isc Yes No Both Yes Medium Medium Current
Fuzzy Logic Control Yes Yes Digital Yes Fast High Varies
Neural Network Yes Yes Digital Yes Fast High Varies
RCC No Yes Analog No Fast Low Voltage, Current
Current Sweep Yes Yes Digital Yes Slow High Voltage, Current
DC Link Capacitor Droop Control No No Both No Medium Low Voltage
Load I or V Maximization No No Analog No Fast Low Voltage, Current
dP/dV or dP/dI Feedback Control No Yes Digital No Fast Medium Voltage, Current
Array Reconfiguration Yes No Digital Yes Slow High Voltage, Current
Linear Current Control Yes No Digital Yes Fast Medium Irradiance
Impp and Vmpp Computation Yes Yes Digital Yes N/A Medium Irradiance, Temperature
State-based MPPT Yes Yes Both Yes Fast High Voltage, Current
OCC MPPT Yes No Both Yes Fast Medium Current
BFV Yes No Both Yes N/A Low None
LRCM Yes No Digital No N/A High Voltage, Current
Slide Control No Yes Digital No Fast Medium Voltage, Current
Voltage Oriented Control Yes Yes Digital No Medium High Voltage, Current
Extremum Seeking Control Yes Yes Digital Yes Fast Medium Voltage, Current
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implementation compared with linear controllers
(3) Robust controllers: are designed by considering uncertainties to

reach stability (when there are modeling errors) and robust per-
formance, even in multivariable systems.

• Sliding mode controllers (SMC) has been used for output voltage
regulation. This kind of controller does not have a sensitivity to
parameter variations and load disturbances. The limited sampling
rate, chattering phenomenon, and degrading the total system
efficiency are the drawbacks of this control method [144].

• Partial feedback linearization (PFL) controllers transform a non-
linear system to a linear system (partially or fully), therefore,
design methods for a linear system can be implemented in this
type of controller.

• Hysteresis controllers: in this controller a fixed switching fre-
quency must be achieved by an adaptive band of the controller.

(4) Adaptive controllers [144]: automatically regulate the controller
based on the operational conditions of the system. Due to in-
accurate parameters of the high-performance system, the com-
plexity of the computation of the system is high.

(5) Robust controllers: are designed by considering uncertainties to
reach stability (when there are modeling errors) and robust

performance, even in multivariable systems.

• H-infinity controllers: are used in multivariable systems.
However, these controllers are highly complex in terms of com-
putational analysis and they need a precise model of the system
that is going to be controlled.

• Mu-synthesis controllers: can be implemented in order to take
into account the influence of unstructured and structured un-
certainties on the execution of the system.

(6) Predictive controllers: forecast the upcoming performance of the
controlled parameters. Predefined optimization criterion is used to
reach the ideal performance. The execution of this type of controller
is easy, however, it has a rapid dynamic response and multivariable
cases can be implemented.

• Deadbeat controllers: In this type of controller, the dynamic be-
havior of the system is defined by the differential equations.
Then, the control signals are estimated for the state variables to
achieve the references at for each sampling period.

• Model predictive control (MPC): uses a cost function criteria
which needs to be minimized in order to choose the ideal actions.
The structure of this controller is illustrated in Fig. 13. System
constraints and nonlinearities can be easily included in the design

Fig. 11. Grid connected PV system with cascaded multilevel
converter.

Controllers

Linear controllers Nonlinear 
controllers

Classic controllers

PR Controllers

LQG controllers

Sliding mode 
controllers

PFL controllers

Hysteresis 
controllers

Robust controllers

H-infinity 
controllers

Mu-synthesis 
controllers

Adaptive 
controllers

Predictive 
controllers

Deadbeat 
controllers

MPC controllers

Intelligent 
controllers

Repetitive 
controllers (RC)

NN controllers

Fuzzy logic 
controllers

Autonomous 
controllers

Fig. 12. Summary of control strategies for Photovoltaic applications.
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of the controller [144,145].
(7) Intelligent controller: is a class of controller that implements a kind

of computing artificial intelligence methods which mostly were
emulated the biological intelligence. A number of these methods
are as follows.

• Repetitive controllers (RC): use the internal model basics to
track/reject any reference/disturbance which is injected in the
closed-loop. The general structure of this controller is shown in
Fig. 14 [146].

• Neural network (NN) Controller: is a predictive and estimator
controller that use a couple of artificial neurons that mimic brain
system. This type of controller can be trained online or offline to
provide the suitable inputs of the plant with the intention of
obtaining desired outputs.

• Fuzzy logic controllers (FLC): is a decision making mathematical

logic which has inputs with continuous values among 0 and 1.
This is in contrast to digital logic with discrete values of true or
false (1 or 0). FLC has the following components: 1- rule base
which is a group of rules that defines how to control the system.
2- Fuzzification which is the procedure of translating the alge-
braic inputs to a kind that can be implemented by the inference
mechanism. 3- Information of the fuzzification are used by the
inference mechanism. This mechanism chooses which rules are
employed on the current status. 4- the decisions that are attained
by the inference mechanism are transformed to a numerical input
for the plant by defuzzification.

• Autonomous controllers: are able to accomplish complex tasks
individually. High levels of computerization can be achieved by
the addition of human knowledge and intelligence.

Fig. 13. The general layout of a Model Predictive Control
[144].

Fig. 14. The general layout of a Repetitive Controller [147].

Fig. 15. Typical configuration of synchronous rotating (dq)
reference frame control method [148].

Fig. 16. Typical configuration of synchronous rotating (dq)
reference frame control method [148].

A. Anzalchi, A. Sarwat Energy Conversion and Management 152 (2017) 312–327

323



6.3.1. Reference frames
In order to control inverters that are connected to the three-phase

grid, designers are mostly using dq reference frame or αβ reference
frame.

• dq reference frame: Zero-direct-quadrature or simply dq0 transform
uses Park transformation to convert the abc frame to the dq frame.
By using this method the grid voltage and current waveforms will be
converted to a rotational reference frame that has the same fre-
quency of the grid. In this way, variables of the control system will
be transformed into DC variables, which makes the controller design
and filtering much easier. The general configuration of dq reference
frame controller is shown in Fig. 15.

• αβ reference frame: Alpha-beta transform uses Clarke transforma-
tion to transform the abc frame or the single-phase frame to
αβ-frame. A stationary reference frame is made by this transforma-
tion by using grid current. By using this method, the variables of the
control system will be changed to sinusoidal variables. The general
configuration of the Alpha-beta reference frame is illustrated in
Fig. 16.

7. Future applications of PV renewable energy

Distributed generation will lead to diverse sources which will
average out the variation in the production of energy across the grid.
Due to the lack of or the over development of renewable energy
throughout the day, this source of power can be used in order to power
battery electric vehicles. These battery electrical vehicles will require
reaching longer distances and thus requiring more charging locations
along the road.

Increasing the power conversion efficiency is one of the cutting edge
researches worldwide. This goal can by reducing the amount of mate-
rial that is needed for each cell. Another approach can be implementing
wider spectrum to produce electricity out of the sun. Silicon PV panels
have efficiency rates of around 20%. Researchers succeeded in produ-
cing power in both visible and near infrared regions of the solar array
spectrum [149]. The utilization of the infrared segment of the spectrum
of the sun can improve the efficiencies of solar by 30% or more. Har-
vesting the solar energy need space to install ground mounted PV pa-
nels in a large scale. A French company Ciel & Terre International, de-
veloped floating solar in large scale on big bodies of water. Beside
producing energy and saving land space, this method can reserve water
by reducing the vaporization of water. Energy harvesting trees are
another technology that will be used to save more space on the ground.
Researchers are thinking of generating solar power in the space, where
the sunshine is always available and the definition of the weather is
completely different. Japanese Space Agency (JAXA) and Mitsubishi
were able to transmit 10 kW power from a distance of 500 meters by
large antennas. The only effective way to send wireless power over long
distances is using either laser or Microwave. In cloudy weather condi-
tions, Microwave works properly but lasers have the same problem that
solar power does on earth [150]. One way to harvest more energy from
the sun is solar clothing. The produced energy can be used to cool down
and warm up the person who wears it, charge the smart phones, smart
watches, and other personal devices. The transparent panel is one idea
that can be implemented in both clothes and buildings. Transparent
panels are thin film technology, which can be installed on high-rises,
transparent bus shelters, etc.

8. Conclusion

In this paper a comprehensive review on challenges and develop-
ments in grid connected photovoltaic systems is provided. Many in-
ternational and North American organizations such as 1547.8 group
and IEEE 1547.7 are defining modeling recommendations and meth-
odologies for renewable energy interconnection. Photovoltaic inverter

manufacturers, utilities, and other involved area experts are focused on
designing improved smart control strategies for PV inverters. However,
there are still numerous gaps in the dynamic analysis of grid-connected
PV performance. The increase of large scale PV-penetration circum-
stances needs a more thorough investigation of these gaps and sys-
tematic interconnection studies. Several technical challenges and re-
quired fundamentals for implementation of renewable energies in the
grid was provided in this study. Secure, safe, and economic proper
operation of the power network at voltage and frequency violations for
different countries are specified by the grid codes. Inverters can be
considered as the brain of a PV system. The inverter topologies are
classified based on the number of power processing steps, the position
of capacitors for decoupling the power, if they utilize transformers or
not, and kinds of grid interface. Moreover, many control methods have
been suggested by researchers to control the MPPT, current, voltage,
active and reactive power. An overview of these controllers was dis-
cussed in this paper. Finally, higher solar integration requires im-
plementation of battery (and super-capacitor) energy storage systems to
compensate high energy (and high power) fluctuations caused by sto-
chastic nature of renewable resources. A brief description of energy
storage systems as a whole, problems that are presented with the large
scale integration of PV renewable energy, and the uses of energy sto-
rage systems to provide a means to resolve those problems were simi-
larly discussed in this paper.
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