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ABSTRACT

In implementing photovoltaic (PV) array under varying weather conditions, the photovoltaic systems power-voltage
(P-V) characteristic is generally complex, exhibiting numerous maximum power points (MPP). To over this condition,
this paper proposes a hybrid algorithm of perturb and observe with particle swarm optimization (PO-PSO) technique.
Most predictable algorithms, such as PO will be trapped at the local MPP and thus restraining the maximum power
generation. Therefore, analysis on PO-PSO algorithm is embarked on to maximize the PV generated power under
same PSC (partial shading condition) in three different scenarios (I, Il, 111) with the following irradiances; scenario |
(1000, 800, 400), scenario Il (1000, 800, 800) and scenario 111 (800, 1000, 600). The performances of usual PO and
the PO-PSO algorithms are looked into, particularly their responses under various scenarios using MATLAB
Simulink software. The simulation results of the developed PO-PSO algorithm power output showed percentage
enhancement of 143.43%, 0.043% and 97.6% when compared with PO power output under same partial shading
condition (PSC) with irradiances (W/m?) in scenarios |, scenario Il and scenario Il respectively. The PO-PSO
method yielded low percentage deviation from standard test condition (STC) with (45.72%, 16.9%, 35.92% for
scenario I, 1l and Il respectively) when compared with PO with (77.7%, 16.94% and 67.57% for scenario I, Il and
I11) showing that the PO-PSO model gives better performance when applied in PV systems with less deviation from
STCs. This will assist the PV array system to attain global MPP (GMPP) faster and support the PV array to produce
more stable and reliable power output compared to using only the PO algorithm.

Keywords: Photovoltaic Array; Varying Weather Condition, Perturb and Observe, Particle Swarm
Optimization

1.0 INTRODUCTION

Power generation through photovoltaic (PV) module has shown considerable potential in providing renewable and
ecologically friendly energy. Solar power generation globally has shown tremendous increase especially in 2013 to
2014 yielding from 139 Giga Watt (GW) to 177 GW showing a percentage increase of 27.3 as reported in REN21
[21]. Though continuous research and development carried out on solar cell design and fabrication to improve the
efficiency of energy adaptation, there is need for enhancement on optimal condition of operation in PV systems using
the MPPT approach essentially to give control to solar energy generation [5, 8]. The MPPT algorithm is employed to
track the maximum accessible output power of the PV system, or known as maximum power point (MPP), hence it
ensures the maximum power can be extracted despite of the dynamic environmental changes, such as irradiance and
temperature. A range of studies have been carried out on MPPT approaches. For instance, perturb and observe (P&O)
algorithm and hill climbing (H&C) algorithm are widely used as MPPT due to their simplicity [11, 16]. Although
these approaches do well in high solar irradiance, the tracking efficiency will drop appreciably when they are operated
under low solar irradiance condition.

Lately, the MPPT research trend has been focusing on partially shaded condition (PSC) [4, 11]. In practice, numerous
PV modules will be linked together to create a solar farm with to achieve the desired voltage and current capacity of
loading. The PSC is unavoidable because each PV module in the array will receive different levels of sunlight
intensity due to shadow effects from clouds, buildings, etc. Irradiance conditions under the non-uniform, several peaks
will appear in the P-V characteristic graph of the PV array. The difficulty of the characteristics is depending on the
course of the PV array and the shading patterns. The occurrence of multiple MPPs will cause the conventional MPPT
algorithms to trap at the local MPP.
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Therefore, several artificial intelligence (Al) techniques have been introduced for adapting conventional MPPT
algorithms to allocate the global MPP (GMPP) and consequently optimizing the power generation of PV array [2, 7,
18]. In reference [9] Punitha et al. proposed artificial neural network (ANN) based incremental conductance algorithm
for GMPP tracking in PSC. Their simulation studies have shown a significant improvement in tracking via ANN
compared to fuzzy based H&C and P&O algorithms. Genetic algorithm based MPPT algorithm has been proposed by
Ramaprabha and Mathur [10]. The results show that the proposed GA is able to track the GMPP for various shading
patterns. Chin et al. [1] proposed fuzzy logic controller (FLC) to adapt P&O algorithm for manipulating the step size
of the perturbed voltage, 4V, so that the GMPP can be tracked and reached faster. They also tested their algorithm
under variable changes of solar irradiance and cell temperature. The results showed the fuzzy based MPPT is able to
optimize the PV power with less oscillation in the output power compared to P&O algorithm [3].

Although the Al techniques are able to track the GMPP faster with less oscillation in the steady state, investigations on
the various MPPT algorithms are still ongoing with the ultimate goal to find a simple, low cost and highly efficient
algorithm. Kamarzaman and Tan [6] have compared the characteristics and performances of Al based MPPT. They
summarized that the algorithm structures of FLC and ANN are complex, whereas the sensitivity of GA to the
environmental changes is moderate. Therefore, this paper aims to formulate PO- PSO based algorithm to acquire the
optimum operating point for the PV system in order to extract maximum power from the PV array. In this study, the
PV array is formed by six PV panels connected in series. The P&O algorithm is developed to track the LMPP while
the PSO algorithm will tune the perturbation size of P&O algorithm to get the GMPP and faster tracking speed
(transient response) and more stable output power (steady state response).

2.0 PV SYSTEM MODELLING

The mathematical model for a solar cell is employed so as to achieve a PV module or panel. The PV panel is obtained
by connecting PV cells in series or parallel. The PV cell equivalent circuit is shown in figure 1. The PV cell is made
up off photo-current source (lpv), a single diode (D), a parallel/shunt resistor (Rp) and a series resistor (Rs). The
resistors (Rs, Rp) in the solar cell are as a result of the leakage current taking place at the p-n junction. The current-
voltage (I-V) characteristic comprising of D is described with the Shockley equation (Egn. 1):

AN~ —&D
R
+

e L
S % :

Figure 1: Solar Cell Equivalent Circuit

= [ () 1] [55]o
Where;
I = Cell terminal current
lpv = Light-generated current
lo = diode reverse biased saturation current
\Y = Solar terminal voltage
n = Diode ideal factor
Vt = Thermal voltage

The function of thermal voltage is illustrated in Eqn. 2:

kT N;
Vp = q (2)

Website: www.ijiets.coou.edu.ng Email: ijiets@coou.edu.ng Page 164



http://www.ijiets.coou.edu.ng/

INTERNATIONAL JOURNAL OF INNOVATIVE ENGINEERING, TECHNOLOGY AND SCIENCE  ISSN: 2533-7365 Vol. -4, No.-1, March — 2021
A Publication of Faculty of Engineering Chukwuemeka Odumegwu Ojukwu University Uli - Nigeria.

Where;

Ns = Number of cells connected in series

k = Boltzman constant (1.381 x 102 J K1)
T = Cell operating temperature in Kelvin (K)
q = Electron charge (1.602 x 10°C)

Solar irradiance and cell temperature are external influences that affect charge carrier generation in PV modules which
in-turn affects the current (lpv) generated by the system as illustrated in Eqn. 3.

Ipy = Ipyn + K;AT 3)
Where;
Irvn =PV module light-generated current at standard test condition (STC)
Ki = the ratio of short-circuit current to temperature coefficient
AT = difference between actual temperature to nominal temperature
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Figure 4: Curves at Various Irradiation Levels and Constant Temperature of T=25°C

Figure 5 shows a PV system block diagram consisting basically of a PV module/array, a charge controller and load.

PV
module/array Controller Load

Figure 5: Block diagram of a simple PV system

This work considered a PV array consisting of three (3) modules connected in series as shown in figure 6. The power
electronics converter used is the buck-boost converter configuration to connect the PV array voltage to the load (DC
load). The power generated from the PV array is fed to the load, though sometimes the output (voltage and current) is
affected by the varying weather condition. To cushion this effect, the output is fed into a digital controller that tracks
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the MPP from the PV array by determining the new operating voltage of the PV array by adjusting the duty cycle of
the converter.

PV1 PV2 PV3

Figure 6: PV array consists of three identical PV modules.

PV DC-DC
module/array Converter Load
A
PWM
Digital
Controller

Figure 7: Block Diagram of PV System with Digital Controller

3.0 PARTICLE SWARM OPTIMIZATION (PSO) BASED MPPT

The PSO method is a stochastic optimization techniques inspired by the behaviours of bird flocking together in a
surrounding with little idea to search for food, PSO is a computational acumen method that solves a problem
optimally by emulating a flock searching over the search space for solution [16, 17].

In this paper, the particles of PSO are referred to the potential perturbation sizes of P&O. This algorithm allows all the
random particles to search for the optimum solution in the search space through iterative process. Each particle will
learn their best experience while interacting with each other to share their intellectual information.

Website: www.ijiets.coou.edu.ng Email: ijiets@coou.edu.ng Page 166



http://www.ijiets.coou.edu.ng/

INTERNATIONAL JOURNAL OF INNOVATIVE ENGINEERING, TECHNOLOGY AND SCIENCE  ISSN: 2533-7365 Vol. -4, No.-1, March — 2021
A Publication of Faculty of Engineering Chukwuemeka Odumegwu Ojukwu University Uli - Nigeria.

START

\ 4
INITIALIZE PSO PARAMETER

EVALUATE VALUE FITNESS

A

UPDATE IBEST AND GBEST

.

UPDATE V AND P OF EACH
PARTICLE

|

TERMINATION
CONDITION MEET

No

Figure 8: Flowchart for PSO method

Two rules are followed during the learning process of particles; attraction towards the global best position (Gpp)
discovered by others (collective influence) and drawn towards its local best capable position (L) (personal influence)
[18]. The position of each particle will be evaluated by a fitness function. In this work, the fitness function utilizes the
output voltage, V and output current, | to calculate the fitness value (output power) of each particle. The Gpp and Ly
are defined by the amount of power generated by a specific operating voltage. The highest power generated is the best.
All through the searching process, the velocity and position of each particle is updated based on the inertia, collective
component and personal component, as shown in (4) and (5):

Vier = Vit eiri(Lp — x) + ¢12(Gp — x;) 4)

Xit1 = X T 104 )
Where;
Vi = velocity of particle i,
C1&C = acceleration coefficients (personal and collective learning factor)
r&r = random numbers between (0) and (1)
Lo = local best position of particle i
Gob = global best position
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Xi = current position of particle i respectively
The searching process will end once the maximum number of iteration is achieved. The parameters for the PSO
algorithm are contained in the table 1.
Table 1: PARAMETERS OF PSO ALGORITHM

Parameters Symbol value
Numbers of iterations - 20
Termination Criteria (iteration) - 100
Personal learning factor C1 0.9
Collective learning factor C2 0.3
Random search probability - 0.2
Range of perturbance voltage | AV (W) | OV <AV <2V

4.0 PERTURB AND OBSERVE (P&O)

The P&O algorithm has been selected first to track the local maximum point LMP of the PV array due to its simplicity
and ease of implementation. P&O is initiated by applying a perturbed voltage, AV to alter the operating voltage of the
PV array.

The change of output power at the current sampling interval and the previous sampling interval are subsequently
compared. Based on the immediate output power of the two intervals, the algorithm will choose to regulate the PV
array to be operated either at higher or lower operating voltage. Though the PV array will pursue several iteration
processes but in due course the PV system will operate at a meticulous optimum power point. At this stage, PV array
will be operating at its maximum power output. The P&O algorithm tracking principal of is shown in Figure 9.

Though the optimal operating voltage is identified successfully, P&O algorithm will continue to iterate the operating
voltage with the aspiration to track the next MPP. As a result, the perturbation process will lead to the fluctuation
issues at the voltage and power output. The fluctuation is understandable when a large perturbation size is applied, that
is why a small perturbation size is recommended. By optimizing the perturbation size of AV, the oscillation of the PV
operating voltage is expected to be minimum consequently reducing power loss in the PV system.

5.0 MODELLING AND SIMULATION

In this paper, the simulation study is carried out with MATLAB simulink. The Sun Earth Solar Power TPB156x156-
72-P 280W mono-crystalline silicon PV module with 280W maximum power is selected as the reference model for
this work. Parameters of the selected PV module are tabulated in Table Il. The partially shaded effect of PV array is
simulated by arbitrarily setting the insolation on the series-connected PV modules. The PV module free of shade is
assumed to be fully illuminated at 1,000W/m?, where the insolation on the shaded portion of the PV module is varied
from 0 to 1,000W/m?. The proposed PO-PSO algorithm and the P&O algorithm are analysed for three different
scenarios, as described in Table I11.

The 1-V and P-V characteristics for the three scenarios are shown in Figure 10 and 11 respectively. Figure 10 shows
that at the second peak (X: 71.68, Y: 468.6) the GMPP was attend in scenario I; in scenario Il, the GMPP occurred at
the last peak (X: 112.8, Y: 717.4); whereas the GMPP occurred at the third peak (X: 114.7, Y: 553.2) in the scenario
I1l. The current generated by PV array under poor weather condition of partial shades (PS) is different from the
current generated at STC. At STC, a steady current of approximately 8.0 A is produced alongside the functional
operating voltage from 0 V to 110 V. On the other hand, when the PV array is under PS, the generating current is
incapable of maintaining at a steady value (stairs-like dropping). For instance, scenario I11, the PV array generated 8.4
A from 0 V to 29 V, then decrease to 7.0 A from 36 V to 71 V. The current generated further decreases to 5.2 A — 4.8
A from 78 V to 114 V. The P-V characteristic of PV array portrays several peaks under PS conditions. Scenario Il
portrays two peaks for the reason that it receives only two different levels of irradiance, whereas the scenario I and 111
portrays three peaks as both scenarios receive three different levels of irradiance. Scenario Il has the highest GMPP
because it receives more average insolation on its PV panels.
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Figure 9 Flowchart of the P&O method

Parameter Value
Pmpp 280W
|mpp 8A
Vmpp 35V

Isc 8.43A
Voc 44V

Ki 0.07%°C!
Ky -0.34%°C!
Ncell in series 72

PATTERNS
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Figure 11: P-V characteristics of PV array at PSC scenarios I-111.

5.1 Results And Discussion

Comparative Analysis between proposed PO-PSO and P&O

The performances of the PO-PSO algorithm in all scenarios are compared to the regular P&O algorithm. The
perturbation size for P&O algorithm is fixed at 2.0V during the transient state and 0.4V during the steady state based
on STC for reducing oscillation in output power. The simulation results of proposed PO-PSO and P&O algorithms in
scenario |, Il and 111 are shown in Figure 12 Figure 13 and Figure 14 respectively.
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2
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(a)Output power of PV array (b) Operating voltage of PV array
Figure 12: Performances of PO-PSO and P&O in scenario .

In scenario I, the GMPP occurs at the first peak. Hence both P&O and PO-PSO algorithms are able to track the GMPP
without been trapped at LMPP, as shown in Figure 12. Although both algorithms have obtained same output power,
PO-PSO algorithm has exhibited a better steady-state response compared to P&O algorithm. In 152th iteration, PO-
PSO algorithm showed an outlier point. This is due to the inherent learning ability (collective influence) of PSO trying
to search for other Gy, solution.

The PO-PSO algorithm has better performance than P&O algorithm in scenario Il (non-uniform irradiance and
operating at same temperatures) as indicated in results of Figure 13. The P&O algorithm is always trapped at the
LMPP resulting to fluctuation at the power output during steady state. The PO-PSO algorithm is competent enough to
decide various size of AV with respect to on the spot environmental conditions. To reduce the iteration process and
improve the transient response at the beginning stage, large perturbation size is chosen. When the power output is
attaining GMPP, the proposed algorithm will establish the appropriate 47 for MPPT so that the power output will
have less fluctuation, or better steady state response.
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Figure 13: Performance of PO-PSO and P&O in scenario Il

In scenario Ill, the PV array receives non-uniform irradiance from the sun but runs at constant temperature. The
conventional P&O algorithm gradually increases the operating point as the process begins. When it reaches the first
peak (around 280W), the algorithm is trapped at the LMPP, as shown in Figure 14. At the 90th to 100th iteration, the
power output of P&O has larger fluctuation compared to the power output after the 100th iteration as a result; the
perturbation size of the P&O algorithm at respective period (2.0V) is higher.

Conversely, the PO-PSO algorithm is able to track the GMPP (within 553W) in scenario I1l. The results in Figure 14
shows the fluctuation of operating voltage for PO-PSO algorithm is smaller and hence its power output is very stable
compared to P&O algorithm. Reason being that the PO-PSO algorithm will adjust its control actions by varying the
operating voltage based on the situation. Throughout the transient reaction, the PSO will boost up to the maximum
perturbation size for the PV system. Once the GMPP is tracked, the PSO will stop to influence the perturbation size.
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Figure 14: Performances of PO-PSO and P&O in scenario IlI.
The performances of P&O and PO-PSO algorithms showing the percentage enhancement and their percentage
deviation from performance at standard test condition (STC) in the three cases are presented in Table IV.

TABLE IV: P&O and PO_PSO algorithm % enhancement and P&O, PO-PSO algorithm % deviation from STC.

Scenario Output Power Operating Enhance-ment Deviation (%0)
[0)
P&O | PO-PSO | STC Voltage (V) | Current(l) 0 P&O | PO-PSO
| 192.5 468.6 863.3 71.68 6.538 143.43 7.7 45.72
I 717.1 717.4 863.3 112.8 6.359 0.043 16.94 16.9
Il 280 553.2 863.3 114.7 4.822 97.6 67.57 35.92
CONCLUSION

The performances of the proposed perturb and observe, with particle swarm optimization (PO-PSO) algorithm are
investigated when PV array performs under PSC. In this work, PV array is modelled based on six series connected PV
modules. The developed PO-PSO algorithm is tested under three different scenarios and its performances in
optimizing the output power are compared to the conventional P&O algorithm. From the simulation results, PO-PSO
algorithm is capable of optimizing the power generated from the PV system by tracking the GMPP faster when the
ambient conditions (solar irradiance and temperature) are varied. When the power output is approaching GMPP, PO-
PSO algorithm will select smaller voltage perturbation size to lessen the fluctuation of the power output at steady
state. Additionally, the proposed algorithm can control the PV system to achieve a more precise operating voltage.
Based on the simulation findings, the PSO-P&O algorithm has managed to track GMPP and provides better steady
state response over the regular P&O algorithm predominantly during the PSC. In future, the performance and
robustness of the proposed algorithm can be put test practically.
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