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CRITICAL CONSTANT ILLUMINATION TIME IN 

COMPARISON OF TWO PHOTOVOLTAIC MAXIMUM 

POWER POINT TRACKING ALGORITHMS 

Ammar AL-GIZI1,3, Mohamed LOUZAZNI2, Mustafa Abbas FADEL3, Aurelian 

CRACIUNESCU4 

In this paper, the Perturb and Observe (P&O) and Fuzzy Logic Controlled 

(FLC) Maximum Power Point Tracking (MPPT) algorithms are analysed in respect 

with the yield energy of a PV module under different time periods of Standard 

Technical Conditions (STC). More yield energy can be obtained with P&O MPPT 

algorithm, for a given duty cycle value of the interfaced DC-DC converter, only in a 

relative short constant illumination time (CIT). For a relative long CIT, more energy 

can be obtained with FLC algorithm. The dependence between this CIT and 

interfaced DC-DC converter’s duty cycle (D) is established. 

Keywords: Maximum power point tracking, Photovoltaic, Perturb and observe, 

Fuzzy logic, Duty cycle, Energy yield 

1. Introduction 

The solar photovoltaic (PV) energy has a nonlinear and explicit 

characteristic and depends on solar radiation and its distribution, relative 

humidity, soiling, cable losses, solar cell and ambient temperature that change 

throughout the day [1-4].  In research literature, there are several models that are 

focused on the modeling of solar cell and developing several electric models with 

a different level of complexity; in [5] an available model of solar cell is presented. 

A mathematical modeling framework to evaluate the performance of single and 

double diodes has presented in [6,7] presenting details of modelling of a single 

and double diode to ensure the best suited model under specific environmental 

condition and effect of various parameters to accurate performance prediction. In 

[8] it appears using a three-diode model to better explain the current-voltage 

characteristics of large size industrial silicon solar cells and predicted the 
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parameters. In general, there is only one maximum power point (MPP) on PV 

module curve under uniform and non-uniform solar irradiance condition [9] and 

change depending on temperature. Therefore, finding the MPP of the PV module 

is not simple due to the exponential nonlinearity and complexity of the current-

voltage equation causes many difficulties. Several papers presented a different 

method to achieve maximum efficiency for PV systems. Moreover, the used 

methods and algorithms can be categorized into direct methods or true seeking 

methods, artificial intelligent methods and indirect methods [10]. The most used 

methods on direct methods; the hill climbing [11] has been used in perovskite 

solar cells to investigate the maximum power point tracking (MPPT). The 

perturbation and observation (P&O) [12-14] or combed with meta-heuristic 

algorithm [15], and a compared incremental conductance (InC) technique with 

fuzzy logic (FL) MPP algorithm using modified CUK converter [16]. In [17], the 

author elaborates a direct and non-iterative MPP finding method for solar PVs 

based on quadratic regression of the geometry of the power-voltage curve of a 

typical PV cell or module. A comparative simulation study of MPP algorithms 

[18] has been presented between P&O, InC, and fuzzy logic controller (FLC) 

under constant and variable atmospheric conditions. A comparative study of MPP 

algorithms for PV module BP SX150S has been studied under variable resistive 

load interfaced to buck-boost converter, at standard technical condition (STC) 

[19] and variable solar irradiation [20]. The last categories based on the 

mathematical functions obtained from the empirical current-voltage characteristics 

to optimize the MPP of PV system [21]. The Newton-raphson method was used in 

[22] to find the MPP of PV and compared with various classical root-finding 

methods such as secant method and bisection method. 

This paper presents a comparison between two MPPT methods, a classical 

P&O and FLC methods. Besides, using the commercial PV module BP SX150S 

[23] will be extracted under STC and interfacing to buck-boost DC-DC converter 

connected to a MPP algorithm with duty cycle (D) and 6 Ω resistive load. The BP 

SX150S is a 150 W polycrystalline PV module series provides cost-effective PV 

power for widespread use, operating DC loads directly or, in an inverter-equipped 

system, AC loads. The SX 150 is one of the largest products in this series, 

providing 150 W of nominal maximum power. With 72 cells in series, it charges 

24 V batteries or multiples of 24 V efficiently in virtually any climate. It is used 

primarily in utility grid-supplemental systems, telecommunications, remote 

villages and clinics, pumping, and land-based aids to navigation. Electrical output 

is via cables terminated with installation-speeding polarized connectors. The 

energy yield at the output of PB SX150S PV module versus time will be 

controlled and compared using the variable ΔD of the symmetrical FLC and fixed 

for P&O MPPT algorithms to function in maximum power. Meanwhile, the FLC 

of one input, ΔP/ΔV and one output, ΔD, is used. Moreover, the P&O of different 
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values of ΔD during each time period is also presented. The obtained results 

represent the effect of fixed and variable ΔD on the energy yield of commercial 

PV module. The useful comparison between FLC and P&O MPPT algorithms for 

the PV module by which it makes it convenient to choose the efficient algorithm 

for solar PV systems during any period of time. 

2. Maximum power point tracking techniques 

In the recent paper, the determination of maximum power tracking is 

mandatory for PV power system. The characteristics of a PV system that 

determines the operating points are the power-voltage curve and current-voltage 

curve [24]. Further, the maximum power is extracted while operating at the 

intersection of the I-V and P-V curve namely maximum current Impp and voltage 

Vmpp as shows in Fig .1.  
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Fig. 1. I-V and P-V characteristics of a BP SX 15S PV module at STC 

 

Several papers have used the commercial PV module BP SX150S for 

searching the MPP. Further, the FLC is used in [26] with adaptive output scaling 

factor as a MPPT of PV system, and in [27] using with genetic algorithm and 

FPGA. Other papers have extracted the maximum power point of BP SX150S 

presenting the comparative study using different DC-DC converter with 

standalone PV system [20] and based in power electronic transformer [28]. 

Moreover, our work will be based in the FLC and P&O techniques as a hybrid 

control between artificial and conventional MPPT algorithms to compare and 

extract the maximum power from the BP SX150S PV module connected.  

A typical functional diagram of a PV energy conversion system is depicted 

in Fig. 2.  
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Fig. 2.  The photovoltaic system with MPPT 

 

The system consists of a commercial BP SX150S PV module of 72 solar 

cells connected in series. It can charge 24 V batteries or multiples of 24 V 

efficiently in virtually any climate and it is capable of producing a maximum 

power of 150 W under STC, interfaced to buck-boost DC-DC converter connected 

to a MPP algorithm with duty cycle and 6 Ω of resistive load. The MPPT has the 

objective to draw as much power as possible from PV module under all operating 

conditions by adjusting continuously the duty cycle of the DC-DC converter.  

The electrical parameters of BP SX150S at STC are summarized in Table 

1 [25] 
 

Table 1 

Electrical parameters of BP SX150S PV module at STC 

Parameter Value 

Maximum power (Pmax) 150 W 

Voltage at Pmax (Vmpp) 34.5 V 

Current at Pmax (Impp) 4.35 A 

Warranted minimum Pmax 140 W 

Short-circuit current (Isc) 4.75 A 

Open-circuit voltage (Voc) 43.5 V 

Maximum system voltage 600 V 

Temperature coefficient of Isc (0.065 ± 0.015) %/ oC 

Temperature coefficient of Voc (160 ± 20) mV/ oC 

Temperature coefficient of power (0.5 ± 0.05) %/ oC 

NOCT 47 ± 2 oC 

 

Fig. 3 shows the basic circuit of buck-boost DC-DC converter used in the 

analyzed PV system. The power switch SW modulates the energy transfer from the 

input source to the load when controlled by a varying D. 
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Fig. 3. Basic circuit of the buck-boost DC-DC converter 

 

The continuous current average model of the buck-boost converter is 

governed by the following basic equations: 
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where, iV and iI are respectively the voltage and current at the input point, oV  and 

oI  are respectively the voltage and current at the output point.  

The main purpose of the DC-DC converter is the maintaining of the 

matching between the input impedance of the converter inR  and the PV optimal 

impedance optR  for locating the operating point at MPP, thereby extracting a 

maximum available power from the PV module. optR  can be represented by: 
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where, mppV and mppI are voltage and current of PV module at the MPP, 

respectively. Based on the utilized ideal DC-DC converter, the relationship 

between inR , load impedance LoadR , and duty cycle (D) can be described by: 
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where, V and I are the voltage and current of PV panel. Whereas, LoadV  

and LoadI  are voltage and current of the load, respectively.  

By controlling the value of D, the optR  can be maintained. Hence, by 

increasing D, inR  will be decreased and the operating point will be moved in anti-

clockwise direction and vice versa.  
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Fig. 4 shows the relationship between duty cycle and the delivered power 

from photovoltaic panel at various values of LoadR  at STC. It can be seen from 

Fig. 4 that the optimal D for different value of load resistance increases to reach 

the unique MPP when the load resistance increased. 
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Fig. 4. Module power vs duty cycle under variable resistive load at STC 

3. Perturb and observe (P&O) algorithm 

For the low cost, simple implementation, little maintenance and 

supervision, the conventional P&O MPPT algorithm is generally preferred. 

Furthermore, the method is based on their reference perturbation parameter as 

voltage perturbation, current perturbation and direct duty ratio perturbation. 

Moreover, the power (P) is computed using the measured values of the voltage 

(V) and current (I) of the photovoltaic array. The algorithm provides a 

perturbation (ΔV) in V, based on the change of P by the following rules: 
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The slope in (4) indicates the direction of the perturbation, i.e. to the right 

(climbing) or left (descending), as shown in Fig. 5.a. The size of the perturbation 

ΔV is crucial if ΔV is large and the convergence is fast, but it results in large 

fluctuation in P, and vice versa. Algorithm will cause the operating point to 

continuously oscillate around the MPP, as depicted in Fig. 5.b. Obviously the loss 

is more, if the perturbation size is large. The oscillation is highly undesirable as it 

results is significant energy loss.  
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The P&O algorithm starts by settling the computed Pmax to initial value. 

Next the actual PV voltage and current are measured at specific interval and Pact is 

calculated. Pmax and Pact are compared.  

The flow chart of P&O MPPT algorithm is depicted in the Fig. 6.  
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Fig. 5. (a) Operating point according to the sign of dP/dV; (b) MPPT using P&O algorithm 
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Fig. 6.  Flow chart of P&O algorithm 
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4. Fuzzy logic controller (FLC) 

Generally, fuzzy logic control is used to convert a complex system to a list 

of rules and solving without needing to use a mathematical model. Additionally, 

the fuzzy logic is used to adjust the duty cycle (D) of DC-DC converter to 

maintain the MPPT. The fuzzy logic MPPT doesn’t need the knowledge about 

model of the photovoltaic system. The basic structure of fuzzy logic based MPPT 

controller is shown in Fig. 7. 
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Fig. 7. Structure of the fuzzy logic controller 

 

In this work, a single input and output variables are used for the FLC: The 

first input is )(kE , and output control signal is the change in the duty cycle )(kD . 

The inputs and output, at a sampling instant k are expressed as follows: 
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)()1()( kDkDkD +−= .       (6) 
 

Where, ( )P k and ( )V k  are the output power and voltage of the PV 

module at sampling k. ( )1P k − and ( )1V k −  are the previous power and voltage of 

PV panels. )(kD is the change in duty ratio used as the FLC’s variable control 

output to calculate the DC-DC converter’s actual duty ratio ( )D k  at sampling k. 

While )(kE is the P-V curve’s slope. Consequently, the sign of )(kE shows the 

operating point’s location at instant k, either on the left or on the right of MPP on 

the P-V curve of PV module, as illustrated in Fig. 8. 

When change in ( ) ( )1 0P k P k− −  and ( ) ( )1 0V k V k− −  are positive, to 

reach the MPPT, the voltage should be increased. That is illustrated with red 

arrow in Fig. 8. When change in power ( ) ( )1 0P k P k− −  is positive and change 

in voltage ( ) ( )1 0V k V k− −  is negative, to reach the MPPT, the voltage should be 
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decreased. That is illustrated with purple arrow in Fig. 8. When change in power 

( ) ( )1 0P k P k− −  is negative and change in voltage ( ) ( )1 0V k V k− −  is positive, 

to reach the MPP, the voltage should be decreased. That is illustrated with green 

arrow in Fig. 8. When change in power ( ) ( )1 0P k P k− −  and voltage 

( ) ( )1 0V k V k− −  are negative, to reach the MPPT, the voltage should be 

increased, that is illustrated with blue arrow in Fig. 8 [29-31]. Furthermore, it can 

be seen from Fig. 8, that the positive P-V slope at left side is smaller than the 

negative slope at the right side of the curve. 
 

 

Fig. 8. P-V characteristic of PV panel for MPPT algorithm 
 

The next step is creating rule table and membership functions for Fuzzy 

logic. The rule base (RB) table of FLC MPPT is shown in Table 2, and the 

membership functions (MFs) are shown in Fig. 9. Several types and numbers of 

MFs can be used in the design of FLC [31].  

In this paper, a symmetrical FLC of five triangular MFs is used. Where, 

those MFs are labelled with a linguistic term: negative big (NB), negative small 

(NS), zero (Z), positive small (PS), and positive big (PB). In contrast, the 

minimum and maximum limits of ΔP/ΔV are set as -43.5 and 43.5, respectively. 

However, the limits of ΔD are set as -0.05 and 0.05, respectively [32]. 
 

Table 2 
Rule-Base of the symmetrical FLC of five MFs 

ΔP/ΔV NB NS Z PS PB 

ΔD PB PS Z NS NB 
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Fig. 9. Membership functions of the symmetrical FLC: (a) Input ΔP/ΔV; (b) Output ΔD 

5. Simulation results and discussion 

To evaluate the solar energy yield from a PV system using P&O and FLC 

MPPT algorithms, a commercial PV module BP SX150S of parameters showed in 

Table 1 is used. The PV module is interfaced to a 6 Ω resistive load, through an 

ideal buck-boost DC-DC converter driven by a MPPT algorithm used to generate 

a proper control duty cycle (D).  

The extractable power from the PV module and the corresponding solar 

energy using MPPT algorithms are illustrated in Fig. 10 and Fig. 11, respectively. 

The power output and energy yield based on P&O MPPT algorithms is evaluated 

at different values of ΔD and under STC during 60 s of time.  

The formula of energy yield used in the simulation, can be expressed by: 
 

 ( )
3600

)(

0


=

ft

dttP

WhYieldEnergy ,    (7) 

 

where, P(t) is the module power at time t, and tf is the final time.  

By increasing ΔD, the tracking speed of P&O algorithm is increased with 

an increasing in the power oscillation around MPP. However, the FLC MPPT 

algorithm can reach the MPP with less oscillation, as shown in Fig. 10. Hence, the 

FLC MPPT algorithm can harvest more energy yield than the P&O algorithm, as 
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shown in Fig. 11. The following Fig. 12, 13 and 14 show the increasing effect of 

ΔD on the energy yield from PV module using the proposed MPPT algorithms. 

Those figures show the effect at different time periods of 10.72 s, 32.14 s, and 

48.24 s, respectively. In spite of the large power oscillation around MPP; at 48.24 

s, the P&O can harvest more energy than FLC for 0.0076 ≤ ΔD ≤ 0.045, due to 

the small rising time compared with the FLC algorithm. While this amelioration 

of the P&O, is significantly decreased for ΔD ˃ 0.045, due to the increasing in its 

power oscillation around MPP. Knowing that the ideal and actual energy yield 

(using FLC) is 2.01 Wh and 1.82 Wh, respectively, as shown in Fig. 12. Fig. 13 

and Fig. 14 show that the optimum range of ΔD at which the P&O can harvest 

more energy than FLC is significantly increased by decreasing time. Where, the 

ranges are 0.0075 ≤ ΔD ≤ 0.06 and 0.0073 ≤ ΔD ≤ 0.165 at time periods of 32.14 

s and 10.72 s, respectively. Besides, the actual energy yield using FLC is 1.15 Wh 

and 0.255 Wh, at time periods of 32.14 s and 10.72 s, respectively. In contrast, the 

ideal energy yields at these periods are 1.337 Wh and 0.446 Wh, respectively. 

Moreover, according to a different time periods, Fig. 15 reveals the 

required optimum value of ΔD for P&O algorithm to satisfy the energy yield 

intersection point with the FLC MPPT algorithm.  
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Fig. 10. Output power using MPPT methods under STC and different values of ΔD  
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Fig. 11. Energy yield using MPPT methods under STC and different values of ΔD 
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Fig. 12. Energy yield using MPPT methods under STC during time of 48.24 s 
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Fig. 13. Energy yield using MPPT methods under STC during time of 32.14 s 

 

 

0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2

0.2

0.25

0.3

0.35

0.4

0.45

0.5

dD

F
in

a
l 
E

n
e
rg

y
 Y

ie
ld

 (
W

h
)

 

 

E
P&O

E
max

E
FLC

(0.165, 0.255)(0.0073, 0.255)

 
Fig. 14. Energy yield using MPPT methods under STC during time of 10.72 s 

 

It is evident from Fig. 15 that by decreasing the time, the ΔD required for 

the energy yield intersection between P&O and FLC will be significantly 

increased, due to the decreasing in rising time and increasing in the oscillation 
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around MPP for the P&O algorithm. For time periods of 48.24 s, 32.14 s, and 

10.72 s, the corresponding ΔD required for the intersection points A, B, and C are 

0.045, 0.06, and 0.165, respectively, as shown in Fig. 15. 
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Fig. 15. Energy yield intersection points between FLC and P&O MPPT algorithms under STC 

6. Conclusions 

This paper presents the possibility of increasing the energy yield of PV 

system based on P&O MPPT algorithm under STC, during different periods of 

time. 

Although the MPPT speed based on P&O algorithm is significantly 

increased by increasing ΔD, the power oscillation around the MPP is also 

increased, resulting an increasing in the power loss at the steady state, as shown in 

Fig. 10. Hence the energy yield based on the P&O algorithm can be increased and 

intersects with that obtained by the FLC algorithm by increasing ΔD, at a specific 

time of STC, as shown in Fig. 11. Moreover, P&O MPPT algorithm can produce 

more energy yield than that of FLC algorithm at the specific range of ΔD 

corresponding to the time period of STC, as shown in Fig. 12, Fig. 13, and Fig. 

14. The intersection point and optimum range of ΔD are significantly increased by 

increasing the frequency of irradiation under STC, as shown in Fig. 15. 

Consequently, the careful selection of ΔD for P&O MPPT algorithm plays an 

important role in improving the performance of the PV system, thus harvesting 

more solar energy yield in comparison with the FLC MPPT algorithm. 
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