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Abstract: Renewable energy (RE) has become a focal point of interest as an alternative source of energy
to the traditional fossil fuel and other energy sources due to the fact that it is more environmentally
friendly, abundant and economically feasible. Many countries aggressively promote feed-in tariff
schemes and solar photovoltaic (PV) systems have become one of the fastest growing RE sources
that can be integrated into the grid distribution network. This paper reviews the recent development
of grid-connected PV (GPV) generation systems comprising of several sub-components such as PV
modules, DC-DC converter, maximum power point tracking (MPPT) technique, and an inverter.
In addition, various grid synchronization and islanding detection methods are elaborated. The future
key challenges to build a smart and efficient GPV generation system were also presented.

Keywords: renewable energy (RE); photovoltaic (PV); maximum power point tracking (MPPT);
grid synchronization; phase locked loop (PLL)

1. Introduction

As both world population and standard of living increase, the demand for commercial energy is
projected to continue its ascending trend [1]. The United Nations estimates the world population will
further upsurge to 11.2 billion in the year 2100 [2]. Energy is the key determinant of the expansion
of industrialization, a prerequisite for social development and its availability, as well as the pattern
of consumption, plays an important role in sustainable development. According to the report of
World Energy Outlook 2018 by International Energy Agency (IEA), world primary energy demand
for the year 2017 led by oil accounting 31.74% and followed by coal 26.84%, natural gas 22.24%,
renewables 9.55%, nuclear 4.92%, and solid biomass 4.71% as presented in Figure 1. The world
RE consumptions has grown very rapidly in terms of electricity generation with the total share of
25% (6351 TWh—hydro 65%, wind 17%, PV 7%) in the year 2017 and is expected to achieve 41%
(16,753 TWh—hydro 37%, wind 28%, PV 23%) in the year 2040 with implementation of New Policies
Scenario [3]. Meanwhile, Energy Information Administration, (EIA) projects 48% increment in the
world energy consumption from 2012 to 2040 (815 quadrillions Btu) [4]. Meeting rising energy demands
pose a challenge to the utility planners and policymakers on managing this issue as it could result in
insurmountable difficulties for energy security, air protection, and CO, emission reductions.

It is recognized and acknowledged that renewable and non—conventional forms of energy will
play a crucial role in the future as they are environmentally friendly, easy to use and are bound to
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become economically more feasible with increased usage [5]. RE term is derived from a broad range of
resources all of which are based on self-renewing energy sources such as sunlight, flowing water, wind,
the earth’s internal heat and biomass comprised of energy crops, agricultural, industrial and municipal
waste. RE sources generate little if any greenhouse gases, waste, or pollutants that contribute to acid
rain, urban smog, and health problems and do not require an environmental cleanup cost. In addition,
these resources can be used to produce electricity for all economic sectors, fuels for transportation, heat
for building and industrial processes [6].

World Primary Energy Demand

4.71%
4.92%

MOil ®Coal MNaturalGas MRenewables M Nuclear M Solid Biomass

Figure 1. World primary energy demand for the year 2017.

Among all the various RE technologies, solar photovoltaic or precisely PV is the most exploited RE
source alongside with hydro and wind power in terms of the pace of deployments and as it is considered
a very promising source of future electrical power generation due to the abundance of sunlight over a
large area of the earth surface thus giving rise to several applications of PV systems [7]. It also offers
continuous cost reduction over the years, a stable system, fast technological progress, being maintenance
and pollution-free [8]. There are two classes of the solar energy system, namely stand-alone and
grid-connected PV (GPV) generation systems. Both systems have several similarities and differences in
their implementations and purposes. By general definition, a stand-alone PV system produces power
independently of the grid and a GPV system is an independent decentralized power system that is
connected to an electricity transmission and distribution system [9]. The stand-alone PV system consists
of PV modules or arrays together with converter and battery storage. Meanwhile, GPV system comprises
two controllers as one is for MPPT and the other for inverter controls and grid synchronization.
The stand-alone PV system is more favorable as compared to GPV system in areas where the
extension of the national power grid is impracticable. The stand-alone PV system is used in off-grid
applications together with battery storage. There are several applications in which stand-alone PV
system is preferable as compared to GPV systems such as farm’s ventilation fans, water pumps,
small circulation pumps for thermal water heating systems and even more advanced applications such
as lighthouses, auxiliary power units for emergency services and others. The current set-up cost for a
stand-alone PV system is high. The main disadvantage regarding the stand-alone PV system is the
fluctuation of its output power due to the intermittence nature of solar irradiation and temperature.
Therefore, battery storage elements are needed as a buffer system in order to compensate for this power
instability and ensures steady power to the load. Moreover, this system suffers from low capacity
factor, excess battery costs and finite capacity to store electricity consequently forcing them to dissipate
the extra energy generated [10].
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Meanwhile, recently the GPV system is playing an increasingly significant role as an electrical
supply resource as well as an integral part of the electrical grid generation network. Single-phase, as well
as a three-phase GPV system, poses some notable challenges to researchers. The challenges include the
maximum power extraction from PV modules, rapid output variation, and daily variability of the output,
the effect on power quality especially voltage and current harmonics, current backflow and a mismatch
between PV output and grid demand. Contrary to single-phase system, the three-phase GPV generation
system is commonly preferred in high—-power applications as its ability to provide almost constant
power flow and able to avoid excessive asymmetry in the grid current [11]. The maximum power
transfer is the utmost objective regarding developing the GPV generation system. The optimization
scheme based on the parameters customization on each of individual system components as well as
recognizable challenges able to propel PV researchers to build a smart and efficient grid-connected
PV generation system. In Figure 2 shows a single line diagram of a general structure for a GPV
generation system.
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Figure 2. Single line diagram of the GPV generation system.

v

There are several review papers reported in the literature which covers almost similar topic.
Nevertheless, there are still some differences in the scope coverage. Details comparison between these
papers is tabulated in Table 1.

Table 1. Comparative analysis of review papers covers a similar topic.

Parameters

1st Review Paper [12]

2nd Review Paper [13]

3rd Review Paper [14]

Scope of the review

1st paper covers almost similar in
content and structure. Details
analysis on each section of GPV
generation system.

2nd review paper mostly focused
on the modeling of the PV, MPPT
methods, converter’s topologies
and control algorithms.

3rd paper presents a review of the
recent technological development
and trends in the GPV

generation system.

Advantages

1st Paper emphasis on prevailing
technology along with the
techno-economic comparison of
commercial available components
in the market.

The authors highlight the
importance of continuous research
in the field of material and power
electronics technologies which
able to reduce overall cost and
increases the system efficiencies.

The main intention of 3rd paper
are on the economic growing of
GPV generation system as well as
the technical challenges posed by
mass proliferation.

Drawbacks

Details study on PV cell
development is not covered.
Moreover, it does not stated the
recent and future challenges faced
by the GPV generation system. In
addition to that, there is no
mention on fire protection and
disposable standard.

Recent update on PV cell, MPPT
technique not well reported. The
description on the types of filters,
switching techniques, grid
synchronization and islanding
detection methods were also
missing.

3rd paper merely focuses on PV
installation cost and smart
inverters. It is totally lack of
details explanation on the other
sub-topics within the GPV
generation system.

Focus Group

Young Researcher
PV Researcher
Project Engineer

Young Researcher
PV Researcher
Project Engineer

Young Researcher
PV Researcher

Based on the outcomes from comparative analysis as in Table 1, this paper fills some of those gaps
by providing a comprehensive overview on the development of each of the main components in GPV
generation system. The review of the latest publications as well as current PV technological development
allows the researchers especially in the field of PV to explore the new opportunity and initiate an
innovative state-of-the-art ideals. The maximum power transfer, stability, safety, immunization against
all types of disturbances, and power quality issues are still the main concerns regarding the reliability
of GPV generation system. A collective summary of key challenges which covers almost a full range of
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spectrum on the topic sphere provides a preliminary conceptual framework to the development of
future GPV generation system. In addition, this paper hopefully able to offers a valuable exposure not
limited to young or future PV researcher nevertheless able to assist a wider group of researcher from
different research background such as mechanical, civil and environmentalist to get a quick glance
regarding the overall components of GPV generation system and furthermore able to help them to
smoothly adapt to the current technological progress in GPV field.

The paper’s structure is a follows: Section 2 reveals the relationship between the irradiation
and temperature with the generation of PV current; Section 3 presents the classification of DC-DC
converters as Section 4 describes the fundamental concept of MPPT; Section 5 surveys a list of MPPT
control techniques; Section 6 outlines the classification of an inverter; Section 7 overviews line filter
and coupling transformers; Section 8 outlines grid-synchronization methods; Section 9 summaries
the latest hierarchy of islanding detection methods; Section 10 provides standards and guidelines;
Section 11 reviews the future key challenges posed by GPV system and lastly, Section 12 concludes the
overall system.

2. Characteristics of Photovoltaic (PV)

PV exhibits numerous merits such as cleanness, low maintenance, no noise and regarded as one
of the most essential RE sources. A PV cell is basically a semiconductor diode whose p-n junction
is exposed to light. The irradiation level and temperature are the focal factors for the characteristic
of the PV cell. Generally, the equivalent circuit of a PV cell is represented by a single diode model.
The single-diode model composes of four components namely a photocurrent source I, a diode
parallel to the sources, a series resistor, Rs and a shunt resistor, Ry, as displayed in Figure 3.

—= I

] oh C—r} SZ Ia ; Rsh Viean

Figure 3. PV cell modeled as a diode circuit.

The series resistance, R is the internal resistance of the cell and it depends on the resistance of the
semiconductor. The shunt resistance, Ry, is due to leakage at the junction. The I-V characteristic of a
PV cell is governed by the following equations:

q(Vcell + RSI) V cell RSI
I=1Iy-1I AR e I o
ph S[ex” ( BkT Ry,

where Ly is the light current, I; as reverse saturation current of the diode, k is Boltzmann constant, B is
ideality factor of the junction, V. is the output voltage of the PV cell and T is the temperature in Kelvin
and [ is the PV cell output current. PV cells are then combined in series and parallel connection to
form larger units called PV modules, which are further interconnected in a series-parallel configuration
created PV arrays.

Nowadays, there are various types of PV modules available in the market, which can be classified
into several main categories [15]. Mono and polycrystalline silicon PV modules type are well-known

)

matured technologies that dominate the commercial PV market. They are known as the first generation
of PV technology which reached a conversion efficiency of more than 20% recently [16]. The second
generation of PV is thin-film technologies. Thin-film PV modules have a lower efficiency as compared
to the first generation yet still offer cheaper cost to manufacture. Moreover, this kind of module deals
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with much more flexible design as it includes amorphous silicon (a-Si) and microcrystalline silicon
materials. The main goal for each of the PV module manufacturers is to continue to develop a lower cost,
highly reliable and simultaneously, attain great conversion efficiency. Figure 4 illustrates the highest PV
module conversion efficiency according to the type of materials and technology used. The efficiency
of the PV module is a closer indication to the commercial PV efficiency value in comparison to cell
efficiency value. This is due to the fact that the wider area was used, and the technology is more
ready for commercialization. For silicon types of PV technology, the highest module conversion
efficiency is achieved by SunPower and Panasonic through Interdigitated Back Contact (IBC) and
Heterojunction IBC structure at 22.8% and 24.4% respectively. The IBC structure allow more light
capture by eliminating front busbar that common in silicon PV module structure [17]. For type III-V
material category, highest efficiency was attained at 25.1% and 31.2% for single and three junctions
respectively at non-concentrating irradiation. Emerging PV technology like Perovskite is currently
at 16.1%. While highest PV efficiency was recorded more than 40% from hybrid four junction PV
technology (UNSW), it is very complex structure and measured at concentrated level of irradiation.
The usage of high efficiency PV module has the advantage of reducing the active installation area,
material use and balance of system although initial cost might be expensive.

Champion Module Efficiencies
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Figure 4. PV module efficiency chart [16].
3. Topology of DC-DC Converter for GPV System

The amount of PV array output voltage depends on the individual arrangement of PV modules.
Due to the intermittence characteristic of PV source, load specification and the need to provide a
constant DC voltage with high efficiency, a regulator or a DC-DC converter is required in most PV
applications in order to regulate or control the DC output voltage that PV arrays generate [18]. Figure 5
shows the classification of isolated and non-isolated DC-DC converters. As the installation trend of PV
system moves towards large scale plant and grid-connected scheme, it is crucial to further enhance the
capabilities of the DC-DC converter so as to achieve a higher power rating and a higher voltage level
at the point of common coupling (PCC).

Theoretically, a conventional DC-DC boost converter is able to deliver high voltage gain. However,
when it comes to hardware implementation, the voltage gain of the DC-DC boost converter is insufficient
due to the losses associated with the switching devices and the passive elements integrated into the
circuitry. To overcome these issues, three different types of high voltage gain interleaved DC-DC
converters have been developed [19]. The results show the proposed converter topologies works well
with PV and Fuel Cell (FC) systems. Moreover, a comparative analysis of various converter topologies
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relates to high voltage gain DC-DC converters have been reported by the authors [20]. Most of the
topologies mentioned are based on the structure of conventional boost converter are specifically
categorized under their ability to provide fixed or multiple times voltage gain.

=]

Figure 5. Isolated and non-isolated DC-DC converters.

4. Maximum Power Point Tracking (MPPT)

Currently, the average efficiency rating of PV modules available on the market today is close
around 20 % [21]. In order to extract maximum power that PV modules could harvest; researchers have
come out with numbers of the MPPT technique. MPPT is a power control technique that operates the
PV modules in such a way allows the modules to deliver all the available power it has. Examine a
graph of PV array battery charging power transfer as illustrated in Figure 6. This chart is able to give a
better understanding of how MPPT works.

Photovoltaic-Battery Charging Power Transfer

A MPP
A — A
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Impp ‘ P-V Curve
4 80
5 I-V Curve £
< 3 60 =
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[}
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Figure 6. Graph of PV array battery charging power transfer.
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Suppose that when a conventional PV module connects directly to the battery, it will force the
module to operate at battery’s voltage level of 12 V which is not an ideal operating voltage level for the
available maximum power that a PV module is capable of generating. Therefore, there is a portion of
power that could not be extracted from the module and it is wasted power. The implementation of
MPPT will vary the electrical operating point of the PV module so that the module is capable to deliver
the maximum available power at the optimal value (maximum power point, MPP) of its voltage and
current rated level.

5. MPPT Control Strategy

Recently, there are numerous MPPT control strategies presented in the literature. These control
methods vary in complexity, cost, sensor required, convergence speed, implementation of hardware
circuits, and other aspects. However, according to the development history of techniques, they
can be classified into two categories, namely conventional techniques and artificial intelligent (AI)
techniques [22]. The most significant conventional techniques are hill climbing (HC), perturbation
and observation (P&O), incremental conductance (INC), fractional open-circuit voltage (FOCV) and
fractional short-circuit current (FSCC). Meanwhile, the most applicable Al techniques are Fuzzy Logic
(FL), artificial neural network (ANN) and soft computing methodologies. The main obstacle raised by
MPPT techniques is to automatically find the real voltage Vi, at which a PV module should operate
to attain the maximum power output Py, under a given PV surface temperature and irradiation [23].
Several techniques as mentioned previously are discussed in detail in an arbitrary order.

5.1. Hill Climbing (HC)

HCis a popular MPPT technique ever developed due to its simplicity and easy implementation [24].
The flow diagram of a classical HC technique as well as Power-Duty (P-D) curve as illustrated in
Figures 7 and 8 respectively, operated with a fixed duty cycle size which controls the sign of the P-D
curve’s slope on each calculation step and makes the appropriate voltage alteration.

~

w/ Start )

o /

3y

Read
V(k), Ik)

v

Calculate Power
P(k)

'

Y ) / ] \\\ N
<_ P(k) > P(k—1) >

D=D+AD D=D-AD

Y

Output Duty Cycle, D <

Update Power, P

w/ Return \w

o /
Figure 7. Flow diagram of HC.
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Figure 8. P-D curve of the HC.

The duty cycle, D, in every sampling period is determined by the comparison of the power at
the present time and previous time. If the incremental power AP > 0, then the duty cycle should
be increased in turn to make AD > 0. Then if AP < 0, the duty cycle is reduced to make AD < 0.
Shortcomings of the HC method are described below. Figure 8 is the P-D curve diagram of PV modules
when the power interface device is a DC-DC buck converter. If the initial operating point of the PV
system is located on the left side of the MPP, the duty cycle has to be continuously increased on the
basis of the judgment procedure of the HC method in order to track the maximum power point. When
the operating point of the PV module is located on the right side of the MPP, the duty cycle should
be continuously reduced to return back to the maximum power point. However, if the operating
point wants to move toward the MPP (AP > 0), the incremental duty cycle should be greater than zero
(AD > 0) according to the judicial procedure of the HC method. This will cause the operating point to
move farther away from the MPP. Therefore, a misjudgment of tracking direction during changing
weather condition may happen under this kind of situation. For the HC method, this misjudgment is a
fatal weak point [25].

5.2. Perturbation and Observation (P&0O)

The P&O algorithm control technique like HC is widely used in the MPPT controllers due to its
simple structure and fewer required parameters [26]. This method finds the MPP of PV modules by
means of iteratively perturbing, observing and comparing the power generated by the PV modules.
The P&O technique comprises a perturbation in the operating voltage of the PV module, while HC
strategies involve a perturbation in the duty ratio of the power converter [27]. The flow chart of the
typical P&O algorithm is shown in Figure 9.

The algorithm is started by reading the value of current, I and voltage, V from the PV module.
The power, P is then calculated from the measured voltage and current. The value of voltage and power
at the k th instance is stored. Then next values at (k + 1)th instance is measured again and power is
calculated from the measured values. The power and voltage at (k + 1)th instant are subtracted with the
values from the k th instant. In the P-V curve of the PV module, it is inferred that in the right-hand side
curve where the voltage is almost constant and the slope of power voltage is negative (AD/AV < 0)
whereas in the left-hand side, the slope is positive (AP/AV > 0). Therefore, the right side of the curve
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is for the low duty cycle (near to zero) whereas the left side curve is for the higher duty cycle (nearer to
unity). Depending on the sign of AP(P(k+1) —P(k)) and AV(V(k+1)—V(k)) after subtraction,
the algorithm decides whether to increase or to decrease the duty cycle of the converter. P&O and HC
techniques can malfunction under rapidly changing atmospheric conditions [28]. As illustrated in
Figure 10, the starting point is point A, and a +AV voltage perturbation will move the operating point
from A to B and cause a decreasing power when the weather condition is steady. According to the
judging rules of the P&O method, the next perturbation should be changed to —AV in the opposite
direction. However, if the irradiation increases and shifts the power curve from P; to P, within one
sampling period, the operating point will move from A to C instead of A to B. This represents an
increase in power and the perturbation is kept the same. Consequently, the operating point diverges
from the MPP and will keep diverging if the irradiation steadily increases and vice versa. The power
loss of PV modules will increase and therefore, the efficiency of the PV system eventually will fall.

e )
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VI(k), I(k)

'

P(k) = V(k)*I{k)

Delay P(k) & V(k) by (k—1)
Plk—1)
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!
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3
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Y /// \\\ N
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\\\/// \\\///
D=D+AD D=D-AD D=D-AD D=D+AD
( Return )
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Figure 9. Typical P&O MPPT algorithm.

O A v

Figure 10. Divergences of HC and P&O from MPP.
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Another drawback of the P&O method is that, as the MPP is reached, the power tracked by the
P&O method will oscillate and perturb up and down near the MPP as the module terminal voltage
is perturbed for every MPPT cycle resulting in a loss of PV power especially in cases of constant or
slowly varying atmospheric conditions. The magnitude of the oscillations is determined by the degree
of variations of the output voltage or duty cycle [29].

5.3. Modify P&O

The modified P&O is presented [30]. The experimental result work shows that the adopted
proposed modified MPPT control algorithm improved the accuracy as well as a fast response
as compared to conventional P&O method [31]. The authors [32] came out with the estimate
perturb-perturb (EPP) method that uses one estimate mode between two perturb mode.
Furthermore, in order to minimize the negative effects associated with the classical P&O method
especially during rapidly changing atmospheric conditions, the P&O MPPT parameters should
be customized to the dynamic behavior of the specific converter adopted as reported [33].
Precisely, the MPPT parameters which contains the fixed duty cycle step size, AD and sampling
time, T, are customized to the dynamic behavior of the specific converter and PV module adopted.

On the other hand, the oscillation around MPP can be minimized by reducing the perturbation step
size. However, a smaller perturbation size slows down the MPPT and the system shows poor dynamic
response. A larger perturbation step size could cause large fluctuations of output power resulting in
energy dissipation. A solution to this conflicting circumstances is to have a variable perturbation step
size that gets smaller towards the MPP as discussed [34]. By varying the step size value as well as the
sampling time reduces the oscillation around the MPP and steers to a faster response. Meanwhile, [35],
a linearization around the MPP leads to a good selection of the sampling period, T, and the duty
cycle variation, AD in order to reduce the number and the amplitude of oscillation around MPP in the
typical P&O algorithm. It can be concluded that, the stability of the PV system and rapidity of the
MPPT algorithm is to compromise by having a good selection of the adaptive sampling period as well
as perturbation step size towards the MPP.

5.4. Incremental Conductance (INC)

The INC MPPT technique is based on the fact that the slope of the P-V curve as in Figure 8 is zero
at the MPP, positive on the left of the MPP and negative on the right. The flow diagram of the INC
method and INC conditions is illustrated in Figure 11 and mentioned in Equations (2)—(4) respectively.

AP
AP
N A 0, left of MPP (©)]
AP .
N 0, right of MPP 4)

The advantage of the INC MPPT method, which is superior to those of the other two HC and P&O
algorithmes, is that it can calculate and find the exact perturbation direction for the operating voltage of PV
modules. In theory, when the MPP is found by the judgment conditions (AI/AV = —I/V and Al = 0)
of the INC method, it can avoid the perturbation phenomenon near the maximum power point
which usually happens to the previous MPPT algorithms. The value of operating voltages is then
fixed. However, it indicates that the perturbation phenomenon is still happening near the MPP under
non-uniform weather conditions during experimental tests [36]. This is due to the reason that the
probability of meeting condition AI/AV = —I/V is extremely small plus the deterministic process of
INC algorithm is more complicated, therefore the simulation time spent by INC MPPT algorithm is a
little bit longer than that of HC and P&O.
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Figure 11. The flow diagram of the INC method.

5.5. Fractional Open-Circuit Voltage (FOCV)

This method is based on the observation that, the ratio between module voltage at maximum
power, Vi to its open-circuit voltage, Vo is nearly constant [37].

Vmpp = k;iVoc (5)

Although the execution of this method is simple and easy, its tracking efficiency is relatively low
due to the utilization of inaccurate values of the constant k; in the computation of V. Once the
constant k; is known, Vi, is computed by measuring V. periodically. This factor k; has been reported
to lie between 0.71 and 0.78.

5.6. Fractional Short-Circuit Current (FSCC)

This method results from the fact that the current at the maximum power point I, is approximately
linearly related to the short-circuit current I of the PV array [38].

The MPP tracking is completed by measuring the short-circuit current I,.. However, k; is not
constant. It lies between 0.78 and 0.92. The accuracy of the method and tracking efficiency depends on
the accuracy of k; are the periodic measurement of short-circuit current.
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5.7. Fuzzy Logic (FL), Artificial Neural Network (ANN) and Other Algorithms

The PV module’s MPP varies with the irradiation and surface temperature since the module exhibits
a non-linear current-voltage or power-voltage characteristic. Some artificial intelligent prediction tools,
such as FL or ANN, control with non-linear and adaptive in nature is introduced in the PV MPPT
control mechanism. By knowledge-based Fuzzy rules, Fuzzy control can track the MPP of the PV
module [39]. On the other hand, an ANN control executes like a black-box model, requiring no detailed
information about the PV system. After learning the relation between maximum power point voltage
and open-circuit voltage or irradiation and temperature, the ANN control can track the MPP during
a real-time scenario. Since most PV arrays have different characteristics, ANN has to be specifically
trained for the PV module with which it will be used. The characteristics of the PV module also change
with time, implying that the ANN has to be periodically trained to guarantee accurate MPPT [40].
Ref. [41] presents a high-performance tracking of maximum power delivered from PV systems using
adaptive neural Fuzzy inference systems (ANFIS). This method combines the learning abilities of ANN
and the ability of FL to handle imprecise data. Moreover, due to the emerging technology especially on
the computing-based, enormous MPPT techniques are developed in order to overcome some limitation
occurred in previous approaches. Most of the newly emerged MPPT techniques are able to relocate the
true MPP effectively even under partial shading condition. However, the main disadvantage of these
controls is the high cost of accomplishment owing to complex algorithms that usually need a digital
signal processor (DSP) as their interface platform.

Comparison of major MPPT techniques found in the literature is tabulated in Table 2. RCC stands
for ripple correlation control, FL, ANN, particle swarm optimization (PSO), genetic algorithm (GA),
radial movement optimization (RMO), biological swarm chasing algorithm (BSCA), ant colony
optimization (ACO), cuckoo search (CS), salp swarm algorithm (SSA) and grey wolf optimization
(GWO). Among these MPPT techniques, the modified variable-step INC is found to be the best
promising technique among other conventional approaches in the literature. On the other hand,
PSO proved to be an effective method among new generations of MPPT techniques which are based on
soft computing. PSO is able to provide accurate, fast convergence speed and able to work effectively
even under partial shading conditions. Furthermore, detailed analysis carried out by the authors [42]
demonstrated the superiority of GWO among other distinctive meta-heuristic optimization algorithms
in terms of speed and reaction time to reach MPP.

Table 2. Comparison of major MPPT techniques and their limitations [43-64].

Parameters
MPPT Technique PV Array Analog or Convergence Implementation Input Tracking Under Partial
Dependent  Digital Speed Complexity Sensors Approach Shading Condition
HC No Both Slow Low V, 1 Iteration Ineffective
P&O No Both Medium Low VvV, 1 Iteration Ineffective
INC No Digital Varies Medium v, I Mathematical Tneffective
Calculation
FOCV Yes Both Medium Low v Constant Ineffective
Parameters
FSCC Yes Both Medium Medium 1 Constant Ineffective
Parameters
RCC No Analog Fast Medium VvV, 1 Mathema-tlcal Ineffective
Calculation
A voltage or . . Mathematical .
Current Sweep Yes Digital Slow High V,1 Calculation Ineffective
DC—Lmk No Both Medium Low \%4 Iteration Ineffective
Capacitor Droop
The 19a§l ! or v No Analog Fast Low Vv, 1 Measuremgnt and Ineffective
Maximization Comparison
dP/dV or dP/dl .. . Mathematical .
Feedback Control No Digital Fast Medium V&l Calculation Ineffective
- . . Intelligent . .
FL Yes Digital Fast High Varies Prediction Partially Effective
ANN Yes Digital Fast High T,G&l Intelligent Partially Effective
Prediction
PSO No Digital Fast High V&l Soft Computing Effective

GA No Digital Fast High Varies Soft Computing Effective
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Table 2. Cont.

Parameters
MPPT Technique  pv Array  Analog or Convergence Implementation Input Tracking Under Partial
Dependent  Digital Speed Complexity Sensors Approach Shading Condition
RMO No Digital Fast Medium Varies Soft Computing Effective
BSCA No Digital Medium High V,LG,T Soft Computing Effective
ACO No Digital Fast High Vv, 1 Soft Computing Effective
(@] No Digital Fast High 14 Soft Computing Effective
SSA No Digital Fast High Vv, 1 Soft Computing Effective
GWO No Digital Fast High Vv, 1 Soft Computing Effective

6. Inverter

Inverter is an electronic device or circuitry that changes a DC input voltage to asymmetric AC
output voltage of desired magnitude and frequency [65]. Inverters can be broadly classified into
two main classes which are line-commutated and self-commutated inverters as shown in Figure 12.
It furthermore can be structured into many sub-categories which are based on the types of input
source, output characteristics, method of connections, types of load, pulse-width modulation (PWM)
switching techniques and also based on the number of output voltage level.

Classification of
Inverters

I
v v

[ Line-Commutated ] [ Self-Commutated ]

v v v

Voltage-Source Inverter Current-Source Inverter Impedance-source Inverter
VSI CsSlI ISI

Y

Voltage-controlled
Scheme

b 4

Current-controlled
Scheme

Figure 12. Classifications of inverters [66-69].

The line-commutated inverter (LCI) depends on the grid parameters that dictate the commutation
process. In addition, it requires some additional circuitry to turn-off the switching devices. On the
other hand, the self-commutated inverter (SCI) is a fully controlled device. The potential at the gate
terminal controls the whole operation of the switching device. Since the SCI is controllable, it is able to
control both the current as well as voltage waveform at the output side of the inverter. Furthermore,
it is well recommended for GPV system as it is highly robust to grid disturbances, able to suppress
current harmonics and therefore able to improve the grid power quality. SCI can be further divided
into three sub-categories which are Voltage-Source Inverter (VSI), Current-Source Inverter (CSI) and
Impedance-Source Inverter (ISI). The two most common type of SCI for grid-connected operation is
VSI and CSI. VSl is fed from a DC voltage input having small or negligible impedance and the output
voltage does not depend on the load. Meanwhile, CSI is fed with adjustable current from a DC voltage
input source having high impedance. The amplitude of the output current is independent of the load
impedance [70]. VSIis a more preferable converter scheme over CSI for several reasons such as it offers
better loss reduction, easy to control, reduction in filtering requirement, and provide improved quality
of the produced voltages and currents especially for the grid-connected system.
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7. Line Filter and Coupling Transformer

Power electronic circuit such as DC-DC converters or an inverter produces high order harmonic
that flow into the grid will create harmonic pollution thus affecting the power quality of the grid [71].
Passive and active harmonic power filters (APF) are used to reduce voltage distortion, current harmonics
and able to act as a reactive power compensation in distributed generation systems [72]. A passive filter
contains passive elements such as a resistor, capacitor, and inductor connected in several arrangements
which responses to a frequency range of 100 Hz to 300 MHz. On the other hand, APFs have different
configurations which are shunt, series, and hybrid as illustrated in Figure 13. APFs are capable of
dealing with low-frequency range as well as able to provide flexible gain.

AC Utility Non-Linear
Grid Load

T —T— i

\ 4

|
Shunt pc £ |= | Shunt
Active Source || v 1 | Passive
Power Filter | T . Power Filter

Figure 13. Circuit configurations of hybrid power filters.

The introduction of the coupling transformer in a GPV system is based on two main reasons.
Alarge 50 Hz coupling transformer is often paired at the inverter output as it works as galvanic isolation
and to prevent DC current injection into the distribution grid. Excessive DC current injection into the
grid network creates corrosion in underground equipment and leads to transformer saturation [73].
Moreover, a coupling transformer’s role as an interface to the magnitude of the PV array voltage could
minimize the effect of leakage current. The implementation of a transformer, however, will lead to
additional circuitry losses and consequently bring down the overall system efficiency. Meanwhile, the
use of solid-state transformer offers size and weight reduction as it works on a high frequency [74].
The grid-connected PV system without coupling transformer raises another complication which is
the creation of leakage current components. The occurrence of ground leakage current as presented
in Figure 14 exist in transformer-less GPV system as the parasitic elements within the system is not
properly grounded.

PV Inverter Filter Grid
§ o (Y Y §
T |
/) | T i
hep T

L L

Figure 14. Path of ground leakage current in transformer-less GPV System [75].

8. Grid Synchronization

As discussed earlier, the GPV generation system received extensive attention as more researchers
focus on the integrated and smart-grid distribution power system. The implementation of these systems
requires deep understanding, critical evaluation and detail analysis in case of normal and abnormal
operation. In order to synchronous single-phase or three-phase inverter system to the grid distribution
network, four vital conditions must be met as tabulated in Table 3.
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Table 3. Grid-synchronization Parameters [76,77].

Parameters Description

The phase sequence or phase rotation of the three-phase inverter must
be matching as the phase sequence of the three phases of the grid.
The magnitude of the sinusoidal voltage produced by the inverter must

Phase Sequence

Voltage Magnitude be equivalent to the magnitude of the sinusoidal voltage of the grid
Frequenc The frequency of the sinusoidal voltage produced by the inverter must
q y be equal to the frequency of the sinusoidal voltage of the grid.
Phase Angle The phase angle between the sinusoidal voltages produced by the

inverter and the sinusoidal voltage generated by the grid must be zero.

The synchronization must occur in the first place before connecting the PV system to the grid.
The main purpose of grid synchronization is to allow and automatically take the control action to
prevent the abnormalities of parameters between the PV system, and the grid. Moreover, the variables
such as phase sequence, voltage magnitude, frequency, and phase angle should be continuously
monitored within the permissible limits in order to guarantee a safe and effective synchronization
operation of PV power converters connected to the grid.

A GPV system can be modeled as having two sources on each side with intermediate reactance in
between as shown in Figure 15a.

P
—
[N MW
X
PV GRID K -
(a)

Figure 15. GPV system; (a) Equivalent circuit diagram (b) Phasor diagram.

Figure 15b represents the phasor diagram of the fundamental components including the inverter
output voltage Vjy,,, the inverter output current I, the voltage drop on the line reactance jwLI and
the fundamental component of the grid voltage V. The symbol ¢ represents the power angle between
the grid and inverter output current meanwhile 6 represents as the phase difference or load angle
between the grid and the inverter output voltage. These relationships are governed by Equations (7)
and (8) respectively,

VinollV.
P = |VgllIinpl cos p = %!Gl sin & @)
IVl :
Q== (Vinslcos - IVgl) ®)

The direction of power flow from an inverter to the grid or vice versa can be controlled by
fine-tuning the inverter output voltage magnitude |V;,,| and phase difference 6 with respect to the
grid while the inverter phase sequence as well as its frequency are monitored closely. The summary of
the operation is presented in Table 4. It is clear that maximum power delivery can be made when the
phase difference between inverter and grid voltage is 90°. However, if 5 = 90°, these two voltages are
unable to synchronous and are unstable. Therefore, the angle difference should be slightly lower than
90" in order to achieve maximum power transfer from the PV source to the grid.
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Table 4. Direction of Power Flow [78-80].

Parameter The Direction of Power Flow
6>0 The real power, P flows from inverter to Grid
Phase Difference, 6 -
6<0 The real power, P flows from Grid to Inverter
Vino > Veria The reactive power, Q flows from Inverter to Grid

Voltage Magnitude, V
Vino < Vgria The reactive power, Q flows from Grid to Inverter

8.1. Control Mechanism for GPV System

The power transferred or injected from the PV system into the grid must be continuously
monitored, controlled and analyzed. Designing a GPV system employs two control loops which
are external voltage and internal current control loop respectively. The voltage control loop is used
to regulate the output power from PV modules to the grid as well as to balance the power flow,
whereas the current control loop is used to regulate the injected current to the grid and keep it in phase
with grid voltage to achieve unity power factor [81]. Many control mechanisms have been proposed
in the literature to regulate the inverter output current that is injected into the grid. Among these
control mechanisms are hysteresis controller, predictive and linear proportional-integral (PI) controller,
Fuzzy proportional-integral (FPI) and others [82]. Among all, the PI controller is the most common
control algorithm used for current error compensation [83]. A PI controller calculates an error value as
the difference between a measured inverter output current and a desired injected current to the grid,
then the controller attempts to minimize the error between them.

Current control in a synchronous (rotating) reference frame (SRF) using PI controllers is the
typical solution, especially in the three-phase grid-connected inverters [84]. As shown in Figure 16,
Clark’s transformation transforms three-phase grid quantities vector from ABC natural reference frame
into balanced two-phase quantities (a—f) and then converting to two-phase rotating reference frame by
using Park’s transformation which defined as the direct (d) and quadrature (g) components respectively.

AC Quantity AC Quantity DC Quantity
V:4 » VO! » L’
Vv Clarke Park

5 "| Transformation Transformation
Vs V
Three—phase Two—phase Two—phase
stationary stationary rotating
reference frame reference frame reference frame

Figure 16. Transformation of the reference frame.

Transforming natural frame AC variable quantities into a DC quantity two-phase rotating reference
frame makes filtering and controlling easily achievable [85].

The transformation from three-phase stationary reference frame into two-phase rotating reference
frame has also been called as D-Q transformation and it is governed by Equations (9)—(11) respectively.

Ve [ =TI Vi ©
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g IA
ig |=I[T]| Ig (10)
io Ic
5 sina sin( - 27”) sm(a + %”)
T] = \/; colsa cos(ocl— 27”) cos(a1+ %”) (11)
V2 V2 V2

According to the mathematical model of the three-phase GPV system as discussed [86], the output
voltages of the inverter in the SRF are given by Equations (12) and (13) respectively.

Vi =Ky(Iy - 1) + K; f (L, - Iy)dt - wLly + V4 (12)

Vi = Ky(I; - 1) + K; f (Iy = Ip)dt + wLI; + V, (13)

where V7, V, I, and I are DC components of the grid voltage and current respectively whereas V4, Vy,
I3 and I; are DC components of the inverter output. These DC quantities are then transformed back
into the ABC natural frame where they will be used as a reference signal for sinusoidal pulse-width
modulation (SPWM) to generate proportional duty-cycle switching sequence to the three-phase inverter.
By referring to Equation (11), the transformation of the reference frame from AC quantities into DC
quantities require a value of a which is the information of phase angle of grid. There are numerous
methods used to obtain the grid information especially phase angle value. Among the methods
available in the literature, phase-locked loop (PLL) is the most acknowledged owing to its simplicity,
effectiveness and robustness in various grid conditions [87].

8.2. Phase-Locked Loop (PLL)

The role of the PLL is to provide the rotation frequency (), direct (d) and quadrature (q) voltage or
current components by resolving the grid ABC natural components. It synthesizes the frequency and
phase of grid voltage and current correspondingly. Moreover, it is able to provide the frequency and
phase angle of the grid voltage correctly even though in the event of disturbance [88]. The principle
operation of three-phase PLL is based on the closed-loop control system as displayed in Figure 17
which regulates V;; to zero and locks 6" to the phase angle of the input signal 0.

Loop Control l VCO

ﬁ |

~
>

A A
)

o

I5)

~

Transformation Module

Figure 17. Three-phase SRF-PLL for grid synchronization.
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The gains of the PI controller are designed in such a way that V; follow the reference value
V. This results in an estimated phase angle that equals the phase angle original, therefore, a phase
difference of zero [89]. The general structure with the entire components of the three-phase GPV
system is presented in Figure 18. There are two controller blocks employed in this system. The first
controller block implements MPPT on the input side of the converter. Normally the voltage and
current of PV modules are set as the input and duty cycle is the output parameter. The next controller
generates PWM to the three-phase inverter. The extraction of the phase angle from the grid voltage
is vital. There are three technical aspects that are very crucial for the effective grid synchronization
scheme. The primary one is to regulate the DC link voltage to make it constant. The next one is a
controller which control active power injected into the grid. The third one is to control reactive power
compensation. [90], a full working three-phase PLL for GPV system with coupling transformer has
been designed. Furthermore, there are studies that compare the performance of a GPV generation
system with and without coupling transformer. Both system’s configurations have its own advantages
and disadvantages as detail analysis regarding this implementation are provided by the authors [91].

DC-DC Boost AC Utility
PV Modules Converter 30 - Inverter L Grid
Ipv
12228
+ — + _ /
PV |~ Vi o o v
- = |- Ay JENN \
7'y IVYYY
Vev || lIpv 1 YVYY ¢¢ YyYVvY
D
abc o 6 |abc
SPWM N PLL >
dqo0 dqo0
» P& 7 O W Y ¢ ¢ ¢ ¢
MPPT
P controller [d Iq Vd Vq
abc* 0
dqo |

Pl

V. Q I
. al |« 1,
Vdc
wl | /l\ I .
N4

Figure 18. The general structure of the three-phase GPV generation system with transformation blocks.

The designing of a synchronization control algorithm must be able to cope with the disturbances of
grid parameters such as voltage, frequency, and phase angle. It is expected that the faster and the more
accurate these measurements are the better the synchronization and therefore the more efficient the
control actions. It is well-known that PLL is the most popular synchronization technique available in the
literature. However, recently there is a vast spectrum of grid synchronization techniques available which
can be divided into two categories which are for open-loop and closed-loop system. Open-loop systems
directly detect the magnitude, phase, and frequency of the input signal whereas closed-loop systems
adaptively update the detected parameters through a loop mechanism. Artificial intelligence (Al),



Energies 2020, 13, 4279 19 of 28

zero-crossing detection (ZCD), adaptive notch filtering (ANF), delayed signal cancelation (DSC),
nonlinear least square (NLS), discrete Fourier transform (DFT), Kalman filter (KF), and frequency-locked
loop (FLL) are among numerous grid synchronization control techniques available in the literature.
Figure 19 shows the classification of synchronization up-to-date techniques. [92] elaborate in detail
some of the mentioned synchronization control techniques together with their applications. The authors
emphasize that more attention is required to focus on hybrid techniques for robust grid synchronization
especially in adverse grid conditions.

[ Grid Synchronization Techniques }

Single-Phase Three-Phase
Open Loop Close Loop Open Loop Close Loop

[ ] | | [ [ [ ]

)=l [mlle] ofelele) (el=la)el
(ool o)) 2 e o)

Figure 19. Classification of grid synchronization techniques.

Since PLL is the most common grid synchronization technique, there is plenty of derivation
generated from this method. A comprehensive review of major PLL techniques has been carried out
in [93] which includes synchronous reference frame (SRF), instantaneous real and imaginary power
theory (PQ), double synchronous frame (DSF), sinusoidal signal integrator (SSI), double second-order
generalized integrator (DSOGI), enhance PLL (EPLL), three-phase magnitude (3MPLL), quadrature
method (QPLL), robust PLL (RPLL), adaptive linear combiner (ALC), multi-rate (MR), and as well as
adaptive PLL (APLL). Each of these techniques depends strongly on the system specifications and
requirements. Some of the proposed schemes did not provide the corresponding results or hardware
verifications. Yet, the main goals are it should be able to provide fast and accurate synchronization
information along with the high degree of immunity and insensitivity towards disturbances in the
input signal thus making the grid synchronization as well as power transfer mechanism working
effectively within the given standards and regulations.

9. Islanding Detection Methods

Apart from the grid synchronization mechanism, a protection scheme against islanding is another
crucial issue in the GPV generation system. The IEEE standards defined islanding as the condition in
which a portion of an area of electric power system (EPS) is energized solely by one or more local EPS
through the associated point of common coupling (PCC) while that portion of the area EPS is electrically
isolated from the rest of the area EPS. Generally, there are two types of islanding circumstances which
are intentional and unintentional cases. The unintentional islands pose more tangible risks with high
possibilities of damaging the electrical device due to the asynchronous re-closure, potential fire hazards
to the personnel on-duty and safety issues. Up to date, there are various islanding detection methods
have been reported in the literature [94-96]. Figure 20 classified the islanding detection methods in
two main categories comprise of local and remote methods.

The major problems lie in the installation cost, effective communications between supervisory
controllers and computational accuracy. In addition, extra considerations need to take into account
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especially in the event of improper disconnection and reclosing events. Moreover, the introduction
of the latest islanding detection methods should look for uniformity and comply with international
standards and regulations. A suitable coordination procedure between synchronization with the
islanding detection techniques, controller accuracy and efficiency are the key determinants for the
smooth operation of GPV generation system.
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Figure 20. Classification of islanding detection methods.
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10. Standards and Guidelines

Interconnecting PV system to the grid poses a major challenge in the development of the
modern smart grid and distribution power systems. The awareness about the environment, safety,
energy disturbance and the reliability of the integrated power system raise concerns on proper
preventive measures and protective equipment resulting in the creation of the international standards
and guidelines for the GPV system. Standards and guidelines are able to provide researchers and
engineer around the globe with a basis for mutual technical understanding regarding the GPV system.
Up to date, there are various standards that govern the interconnections of the PV system. The most
widely recognized and used are the Institute of Electrical and Electronics Engineers (IEEE 1547) and
the International Electrotechnical Commission (IEC 61,727). The IEEE 1547 standard covers technical
specifications and tests for the interconnection of distributed resources below 10 MVA meanwhile IEC
61,727 relates to GPV systems with a rated capacity below 10 kVA. On the other hand, IEEE 929-2000
was created specifically for GPV systems [97-99].

11. Future Key Challenges

There are several key challenges that need to be addressed in order to build efficient GPV
generation system. Table 5 summarizes future key challenges and obstacles for the researcher in the
field of the GPV system.
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Table 5. Future key challenges on GPV generation system [100-131].
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Each main component on the GPV generation system poised several key challenges that required
extensive understanding on the subject sphere. Every section is at different stages of technological
development. The major challenges on PV modules technical developments can be divided into
two main classifications which lie on material fabrication and electromechanical advancement. The
main aim is to achieve an optimal energy conversion from the sunlight to electrical energy. Another
crucial aspect with regards to the construction of PV systems is the proper protection against fire
hazards. As reported [132], there are various factors that may contribute to fire risks especially to the
PV modules installed on buildings such as the use of low-quality electrical components, imperfection
of construction standards and lack of relevant protocols on installation. A standardized fire mitigation
procedure should be established to overcome these issues. Other setbacks are the deficiency of
disposable procedure on aging PV modules. PV modules mostly constructed based on material which
may cause harm to human health and safety. Greater awareness of the environment and effective PV
recycling process plays a vital impact on the management of PV waste. Alongside the progressions in
power electronics technology, the research direction of the hardware prototype is moving towards
creating a highly efficient power converter. Replacing and reducing the number of physical electrical
elements such as analogue circuitry and bulky passive components with digital means becomes part
of the interest among researches to optimize the overall performance of the GPV generation system.
The transient analysis on grid-interfaced inverter due to the presence of a different type of faults,
voltage sag, voltage swell and rapidly changing power demand by the grid becomes the main concern
for researchers in assessing the ability, characteristic and response of the designated power inverter to
compensate the changes. Meanwhile, the introduction of computational algorithms techniques made a
huge breakthrough in the PV controller architectures. Apart from its complexity, the development of
so-called smart controllers able to improve the speed, accuracy, robustness and reliability of the GPV
system. Effective grid synchronization as well as islanding detection methods are the key principle for
the successful operation of GPV generation system. In the near future, a smart, intelligent and efficient
GPV system will be a prominent part in grid electricity generation.

12. Conclusions

A GPV generation system offers abundant opportunities for the researcher to build a smart and
efficient integrated system in order to meet future energy demand. The increased number of GPV
generation systems gave rise to problems concerning the stability, safety, as well as power quality issues.
This paper provided a detailed review on recent findings, development and future key challenges
of each sub-component of the system, which hopefully will be able to assist the future researcher
in the field of PV to explore new state-of-the-art ideas. There are numerous approaches, topologies,
and architectures of GPV generation systems that have been implemented in the literature. Some of
the new techniques are found to perform better than the classical ones yet the scheme which were
constructed based on conventional VSI topologies, SPWM switching technique and PLL control
algorithms are still well-accepted for its simplicity. The emerging challenges for these systems lie in the
use of high-efficiency PV materials, MPPT against partial shading condition, modular central inverter,
APF, the introduction of Al for both synchronization and anti-islanding state, smart energy storage
system and the development of supervisory controller for the integration of multiple PV generation
plant within the same buses. By identifying, analyzing and tackling these challenges will further
nourish the development of a smart and efficient integrated GPV generation system.
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