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a b s t r a c t

This paper aims at finding the optimal gain scheduling of the conventional Proportional

Integral (PI) and the Fractional Order (FOPI) through the use of the advanced meta-heuristic

optimization techniques in PV-grid connected systems. Therefore, the hybridization of the

optimization techniques with both PI and FOPI controllers is proposed for attaining an

optimal dynamic performance through a specific criterion. This latter is a function of

different response characteristics such as the settling time, maximum overshoot, steady

state error and execution time. Based on the proposed criterion, the meta-heuristic tech-

nique that provides the best enhanced dynamic performance can be simply identified. For

this purpose, a comprehensive state of art of the on-grid PV system performance dilemma

is initially discussed. The problem of designing current and voltage regulators for the PV-

grid connected system is addressed, seeking for an adequate dynamic behavior. Then,

different metaheuristic optimization techniques such as Artificial Bee Colony (ABC),

Cuckoo Search (CS), Grey Wolf Optimizer (GWO), Mine Blast Algorithm (MBA), Whale

Optimization Algorithm (WOA) and Moth Swarm Algorithm (MSA) are employed for

determining the optimal PI/FOPI controller gains, forming a hybrid optimal FOPI or PI

control. From the numerical simulation analysis of Matlab™/Simulink results, the signifi-

cant dynamic behavior enhancement of the overall on-grid PV system is illustrated using

PI/FOPI controllers optimally tuned with the proposed meta-heuristic algorithms consid-

ering solar irradiation variation conditions. The impact of the optimized PI and FOPI con-

trollers on the overall system dynamic responses is explicitly analyzed while using

different meta-heuristic algorithms through qualitative and quantitative comparisons.
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Introduction

Renewable Energy (RE), including solar, wind, biomass, hydro,

geothermal, ocean energy is inexhaustible, clean, and free.

These are the different forms of primary RE, on which the

world depends. Solar energy, is one of the best renewable

green energy, in favor of its indirect impact fossil energy and

other RE kinds [1]. In addition, it can be used as a green source

for hydrogen generation from electrolysers. This clean

hydrogen can be later used as an input to Fuel Cells (FCs) for

additional electric energy generation in modern hybrid power

systems.

The worldwide PV industry and market, driven by the

regulations and policies, has shown a rapid growth in devel-

opment. From 1996 to 2006, the growth rate had been 40%. In

the last five years of such period, 2001 to 2006, the growth rate

had been 45% [1]. In 2015, China became the world's largest

producer of PV power, at 43 GW installed capacity, after hav-

ing installed over 18 GW of solar power in 2015 [1]. With the

constant development of the technology in electricity gener-

ation, the cost of PV modules constantly decreases.

The price of the PV module has been gradually reduced

from approximately 8 $/Wp in 1990 to 3 $/Wp in 2001 (then

approximately 0.6 $/Wp in 2015) owing to the growth rate of

the relevant power electronics technologies and the increased

rate of openmarketmass production of such products [1]. This

affordable price-decrease leads to obvious real change for PV

energy yield. Fig. 1 shows the statistics of the worldwide PV

power demand from 2007 to 2015 and its forecast between

2016 and 2020 [2]. Considering the development of technology

in the different forms of RE, the expectedworldwide PV power

demand increase is less rapid and not significant between

2016 and 2020 despite the decrease of the PV technology price

to 0.38e0.49 $/Wp in 2019. However, the PV power demand

should remain considerable.

According to the latest forecast of the European PV In-

dustry Association (EPIA), by 2020, theworld PVmodule power

output will reach 40 GW. The total PV systems installed ca-

pacity will reach 195 GW. The solar PV energy generation ca-

pacity will attain 274 TWh that is approximately 1% of the

global energy generation capacity. By the year 2040, the solar

PV energy generation capacity is expected to reach 7368 TWh,

which will represent 21% of the total global electricity

generation [1]. According to the World Energy Organization

research and forecast, the contribution of solar PV power

generation around the world will increase from 0.01% in 2000

to (1% and 20%) in (2020 and 2040) respectively [1].

Solar energy applications include both solar thermal appli-

cations and solar PV farms. The solar thermal applications

include solar water heaters, solar heating and solar heating/

cooling equipment such as air conditioning. The solar PV ap-

plications includesolar PVandsolar thermalpowergeneration.

In general, two types of PV systems are mainly used: the

stand-alone and the on-grid PV systems. The isolated PV

systems are almost convenient solutions for those who have

only connection to electricity at high cost or no connection to

the grid at all. A simple stand-alone PV system produces

electrical power to charge battery banks during the day to be

used later when the solar energy is unavailable. This PV sys-

tem can also be used in charge/discharge procedure of elec-

trical vehicles that will be integrated into the future power

system networks. Unlike stand-alone power systems, the PV

grid-connected system rarely includes an integrated battery

solution. Under the ideal correct conditions, the on-grid PV

system supplies the excess power, beyond the connected load

consumption, to the utility grid. Solar energy, as a popular RE

source in sunny climates, is more available in sunny climates.

However, more potential for electricity generation in cloudy

days, not only in direct sunlight, become a fact. The govern-

ments propose different promotions and subsidies for

encouraging private solar panel installations and investments

to supply their own electricity. Therefore, significant reduc-

tion in electricity bills can be reached alongside with more

income by selling the energy surplus back to the national grid.

The development of economic, sustainable and clean solar

energy technologies will keep longer-term benefits. On the

other hand, the low efficiency of the solar panels remains a

serious problem. In confronting the loss of energy during

power generation, different researchers have focused on

applying controllers on AC and DC converters, and optimizing

controllers, to maximize the output of PV systems [3].

Despite the application of different meta-heuristic opti-

mization techniques to the PID gain scheduling for enhancing

the dynamic performance of the RE-based energy systems, the

hybridization between the various novel meta-heuristic

techniques with the Fractional Order Proportional Integral

(FOPI) controller for on-grid PV system dynamic performance

improvement and stabilization is not considered according to

the author limited knowledge. Therefore, the fundamental

originality of this paper is the employment of the most recent

meta-heuristic techniques for the optimal gain selection of

the FOPI three-gains in order to enhance the dynamic per-

formance of the PV-grid connected system. For reaching a fair

comparison between PI and FOPI, the dynamic performance

analyses are compared for both controllers when hybridized

with the same meta-heuristic techniques.

The remainder of the paper structure is organized as: In

“Literature review” section, an overview of the overall control

methods and optimization algorithms for PV system are

summarized. In “System under study and problem

formulation” section, a concise definition for the problem

formulation and the necessity of the optimal control of the

voltage and current of the Voltage Source Converter (VSC)

Fig. 1 e Forecast of global solar PV power demand from

2007 to 2020 [2].
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