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Abstract- In this paper, an advanced fuzzy controller is proposed for extracting maximum power from the PV panel both in 

fixed and changing conditions; changing conditions mean altering of temperature and irradiation level. This controller 

functions of extracting maximum power by finding the optimal point of the corresponding condition of the PV panel; known as 

maximum power point tracker (MPPT). The proposed controller is compared with some conventional along with some 

intelligence controllers such as P&O, INC, existing fuzzy and fuzzy optimized by a combination of PSO (particle swarm 

optimization). In each case it shows better performance in tracking the magnitude of the power from the PV panel which is up 

to 99%. Then the power is fed to the grid after extracting power from PV panel and when additionally, power is transferred to 

the grid, some losses occur as approximately 1.5% of the extracted power from the panel. From the investigation, it has been 

seen that there’s no undesired spike while tracking power in case of changing conditions. Tracking time is also the fastest when 

compared with the controllers which is 0.01 second. As the power is transmitted to the grid, THD analysis is also an important 

consideration and after analysing it, THD level of the grid voltage shows 0.04% after filtering which is very much satisfactory 

according to the IEEE standard. 

Keywords FLC, incremental conductance, maximum power point, optimization, photovoltaic array, voltage source controller. 

 

1. Introduction 

Demand of the electricity will be increased as the fossil 

fuels are depleting [1], [2] and supposed to increase up to 

30% by 2035. As fossil-fuels are on the verge of extinction, 

nearly 40% CO2 emissions occur due to combustion of 

fossil-fuels which is one of the main reasons for increasing 

global warming. So for the generation of electricity, attention 

has been given to the renewable energy resources [3] and so 

in electric power generations, renewable energy sources play 

a vital role [4]. Among the renewable sources: solar energy, 

wind energy, geothermal, PV systems are widely used in 

different power systems but solar energy remains as a good 

alternative due to being clean and available [5]–[7]. As a 

result, it has become the most highly promising candidate 

both in research and development of less costly PV devices. 
As mentioned earlier, solar power is fastest-growing 

renewable energy being clean, availability and emits no noise 

during operation[8], [9], it has wide variety of applications 

namely power supply for rural areas, battery charging, water 

pumping, domestic and street lighting, electric vehicles, 

military and some applications, refrigeration and vaccine 

storage, power plants etc., all in either stand-alone or grid 

connected configuration[10]–[13]. The power we get 

normally from PV cell is very scant in comparison to the 

maximum capacity and also variable in nature. So, a few 

years ago scientists started to put their concerns on policies 

to extract as much as power from the PV cells: generally, PV 

systems can be categorized into three sections: the standalone 

systems [14], [15], the grid connected systems [16] and the 
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hybrid system known as PV systems merging with other 

energy sources[17], [18]. At first, mechanical systems were 

initialized by rotating the panel and later a device was 

designed to get the optimum power by moving the operating 

voltage and current. In spite of some undesired effects, but to 

overcome, we can replace a DC-DC converter between the 

cells and load; furthermore, using a controller to find out the 

maximum power position for the corresponding condition by 

varying the duty cycle of the connected converter is known 

as MPPT. Ultimately now in modern days, a big number of 

MPPT models and algorithms are available in literature. 
P&O is one of the conventional methods and widely used 

because of it’s simplicity and easy implementation [19]–[22]. 

It measures voltage and current, then calculates the power. 

Next the difference between the two successive power is 

obtained and finally decides the duty cycle. But the major 

drawbacks are: fluctuations around the MPP resulting 

significant loss of energy [23], can’t track MPP in case of 

rapidly changing atmospheric conditions, such as broken 

clouds. To overcome these problems [24], INC method was 

introduced which continuously calculates the steps and thus 

measuring the ratio between instantaneous conductance and 

INC values of the PV system power. Thus able to track the 

MPP but requires complex and costly control circuits. 
Recently a lot of attraction has been gained on the design of a 

suitable controller for MPPT [25]–[29]. In [30], the P&O 

method was proposed for the PV-based water pumping 

system and a comparison has been made between theoretical 

and practical results. In [31], two common methods named as 

P&O and INC with fuzzy control method have been 

compared. In [32], two MPPT methods based on fuzzy and 

neural control were presented and results of the methods 

were compared. In [33], MPPT was modelled based on INC 

method. In [34], PSO based MPPT technique was introduced 

using one pair of sensors to control PV arrays leading to 

lower prices, higher overall efficiency and simplicity in 

implementation. However, during rapidly changing 

conditions, these controllers do not function properly. 
Besides there are some other MPPT controllers based on 

artificial intelligence techniques such as neural networks 

[35], [36], intelligence algorithms [37]–[39] and fuzzy logic 

controllers [40]–[43] whose performance have been 

significantly enhanced with the help of conventional methods 

under variable conditions. But the main challenges associated 

with modelling this controller are in the type selection of 

fuzzy inference system, the shape and range of changes in 

fuzzy membership functions and fuzzy rules. In [44]–[46], 

heuristic methods named genetic algorithm (GA), PSO and 

neural networks have been introduced to optimize the 

parameters of FLCs; but method based on neural network has 

requirement of having larger data for the training purpose of 

the network to be within an acceptable range. Furthermore, 

GA can’t provide a single and accurate solution for the 

problem because of its random nature; also requires complex 

and time-consuming calculations. 

This paper is an extended version of [47] which proposes 

an advanced fuzzy controller for overcoming the above-

mentioned problems. The rest of the paper is organized as 

follows.  Section 2, Section 3 and Section 4 consists of 

modelling of PV array, controller’s detailed modelling 

procedure and performance of the advance FLC (proposed) 

respectively which will validate the FLC’s effectiveness. 

Section V is further devoted to analysing the performance of 

FLC at Teknaf, a place in Bangladesh by collecting the valid 

data and further calculating the irradiation and temperature 

level on which PV system depends as shift on those 

parameters will affect the PV system because it shifts the 

optimum power. Finally, section 6 represents conclusion.   

2. Modelling of PV Array and Panel 

    A PV array is highly sensitive on irradiation and 

temperature level and based on this, maximum power point 

changes which is nonlinear in characteristics. Two kinds of 

characteristics associated with the cell: 1) I~V characteristic 

and 2) P~V characteristic. Detailed information about the 

equivalent circuit of a cell can be found in [48], [49]. 

2.1. Mathematical Equations for PV Array 

The equivalent circuit, calculations of the characteristics 

are shown below with the help of some necessary equations; 

besides the description of the symbols can also be found in 

[50]: 

shR
dV

dIphII −−=                                     (1)  

IsRVdV +=                                            (2) 

}1)
nkT

dqV
{exp(oIdI −=                                  (3) 

By combining equations (1), (2) and (3), equation (4) can 

be achieved: 

shR

IsRV
]1)}IsRV(

nkT

q
[exp{oIphII

+
−−+−=          (4)  

Furthermore, neglecting the two internal resistances: 

)AVexp(oIphI}1)AV{exp(oIphII −−−= ;
nkT

q
A =  (5)           

The parasitic resistance with real solar cells are negligible 

which has been mentioned in [50]. Then the equations are 

proceeded into further simplification: 

phIscI = )scII,0V( ==                                (6) 

)ocAVexp(scIoI −= )ocVV,0I( ==                (7) 

Now the optimal operating points can be described as 

follows: 

)}]ocVpmV(Aexp{1[scIpmI −−=                     (8) 

)
scI

pmI
1log(

)ocVpmV(

1
A −

−
=                      (9) 

Here, kv and ki are Vpm/Voc and Ipm/Isc respectively and the 

output of the panel is 100.7 kW. 

The important parameters for the array are shown in Table I. 

From Equation 9, we get,  

0788.8)
96.5

58.5
1log(

)1
2.64

7.54
(

1
A =−

−
=               (10) 

From Equation 8 (placing the current value), we get,  

W2.305IVP ==                              (11) 
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The power calculated above is in Watt and it is for one 

module. So, the power of the of the overall PV system is 

100.7 kW. The 100.7 kW PV panel uses 330 Sun Power 

modules consisting of 66 strings of 5 series-connected 

modules in parallel. As one module denoting 305.2W, the 

power of single cell is about 4.6 Watt. So, the accuracy of the 

equations is very high. 

Table I 

Specifications for one module of the PV Array 

Array type: Sun Power SPR-305E-WHT-D 

Properties Value 

Number of cells in series 96 

Open circuit voltage, Voc 64.2 Volt 

Short-circuit current, Isc 5.96 Ampere 

Voltage at maximum power, Vmp 54.7 Volt 

Current at maximum power, Imp 5.58 Ampere 

Light generated current 6.0092 Ampere 

Diode saturation current 6.3014*10-12 Ampere 

Diode ideality factor 0.94504  

Shunt resistance 269.5934 Ohms 

Series resistance 0.37152 Ohms 

 

3. Proposed Fuzzy Based MPPT Controller 

    Owing to their heuristic nature associated with simplicity 

and effectiveness both for linear and nonlinear systems, 

fuzzy logic controllers have been widely used for industrial 

process in recent years [51]. Besides, fuzzy logic controllers 

can be made using various microcontrollers [52]–[57]. It can 

be found in [58] that, FLC has some advantages such as 

working with imprecise inputs, does not need an accurate 

mathematical model and can handle nonlinearity as well. 

FLC consists of four parts including fuzzification, inference, 

rule base and defuzzification [59], [60]. From [58] in table 1, 

FLC is considered as tracking techniques with intelligent 

prediction. This intelligent prediction lies in choosing the 

most appropriate type membership function both for input 

and output along with the associated range. Also from [58] in 

table 2, a comparison has been made among different MPPT 

controllers. Merging this information along with from [61] 

and [62] from table 1 and table 5 respectively, it can be 

concluded that it has high speed, high stability, no manual 

periodic tuning but the cost is high being a microcontroller. 

In spite of being costlier, it is understandable that why more 

concerns are given on FLC and much more research is still 

going on this MPPT. 

As said earlier, to make it more improved and unique from 

other fuzzy controllers, the challenges lie in the type 

selection of fuzzy inference system, the shape and range of 

changes in fuzzy membership functions and fuzzy rules. This 

is an off-line controller and costs analysis are not 

investigated. For the design purpose, the inputs are 

considered as two parameters consisting voltage and power 

of PV array. 

)1k(V)k(V)k(V

)1k(P)k(P)k(P

−−=

−−=                             (12) 

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

panel at a certain instant respectively. Thus P(k-1) and V(k-

1) are the power and voltage of the previous instances. At 

MPP of the PV panel, )k(P as well as )k(V are zero. The 

output we get from the controller is the variable duty cycle. 

The rule base that associates the fuzzy output to the fuzzy 

input is derived by inference method. The rules are based on 

the matter that if the previous change in voltage, 

)k(V cause the power to rise, the variable duty cycle, 

)k(D will be automatically tuned in such a manner that next 

change in voltage is in the same direction, otherwise it cause 

the power to drop which results to move in the opposite 

direction. The system is provided with necessary rules so that 

the stabilization occurs at a peak power point. Duty cycle is 

fed to the DC-DC boost converter according to the equation 

(13); input resistance seen from the source, Ri can be 

matched with the load impendence, RL. Thus form the 

maximum power transfer theorem, maximum power will be 

achieved.   

LR2)D1()k(iR −=                               (13) 

3.1. Fuzzification 

For both input variables, 9 membership functions cover 

the range of variations. For optimization process the location 

of these function should be optimized. Fig. 1 and Fig. 2 

shows the membership functions of the input parameters 

which are triangular in shape. 
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 Fig. 1.  Optimized membership function (MF) of PV panel’s 

voltage. 
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 Fig. 2.  Optimized membership function (MF) of PV panel’s 

power. 
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3.2. Arrangement of Fuzzy Rules 

Table II 

Proposed rules for fuzzy based MPPT controller 

V_PV 

P_PV ΔD is 

VS 

ΔD is S ΔD is M ΔD is H ΔD is 

VH 

VHN     

VHN 
VS     

MN     

SN     

VHN HN    

HN  MN    

 SN    

VHN HN MN   
MN 

  SN   

VHN HN MN SN  SN 

VH H M S VS VS 

VH VS    

H 
 S    

 M    

 H    

VS     

VH 

S     

M     

H     

VH     

VH H M VS  
S 

   S  

VH H VS   

M   S   

  M   

 

The most important part of modelling the controller for 

optimization purpose lies in the arrangement of the rules. The 

rules are shown in table II and Fig. 3 shows the flowchart of 

the controller. 

Table II denotes the formulation of rules for FLC. The first 

row indicates: IF V_PV is VHN AND P_PV is VHN, then 

ΔD is VS.  Similarly, for second row: IF V_PV is VS AND 

P_PV is VHN, then ΔD is VS.   

3.3. Defuzzification 

Calculation of the crisp output of the fuzzy control is done 

through defuzzification process and in this case, it is the 

variable duty cycle. Fig. 4 shows the membership function of 

the variable duty cycle, also triangular in shape but range 

covers using only five functions. The most popular methods 

for defuzzification are the COA (center of area), MOM 

(Mean of Maxima), and MCM (Max Criterion Method). 

In this paper, COA is performed for the final combined 

fuzzy set which is denoted by the union of all rule output 

fuzzy sets using the maximum aggregation method [63], 

[64]. Consequently, the change of duty cycle is identified as 

follows: 


=




=



=
n

1j
))k(jD(

1j
n))k(jD)k(jD(

)k(D





                              (14) 

    The output of fuzzy controller is the change of duty 

cycle )k(D which is then converted to the duty cycle 

following the equation: 

)K(D55.0)k(D +=                                          (15) 

For the visualization between inputs and output 

parameters, surface view is shown in Fig. 5.  
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 Fig. 3.  Flow chart of the proposed controller. 

3.4. Optimization Technique 

    At first, two parameters are considered for the input of the 

controller which are: PV panel’s voltage and power. With the 

help of these parameter we are trying to find out the present 

operating location for panel. Another sampled voltage and 

power values are obtained. If increase in voltage causes 

power to increase, it indicates that the panel is operating on 

left side of the optimum point. As a result, our value of duty 

cycle will be according to equation 13 such that operating 

condition shifted towards the right side further on. But if 

increase in voltage causes power to decrease, it indicates that 

the panel is operating on right side of the optimum point. As 

a result, our value of duty cycle will be according to equation 

13 such that operating condition shifted towards the left side 

further on so that operating point may reach the optimum 

point. After reaching the optimum point, the duty cycle tries 

to remain around that value unless further operating 

conditions (irradiation level and temperature) change. 
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Fig. 5. Surface view. 

 

4. Numerical Result 

4.1. Proposed System Model 

The proposed system is simulated using 

MATLAB/Simulink R2018a software. Fig. 6 shows the 

proposed grid connected PV system with the MPPT 

controller which has been operated under different conditions 

to ensure the effectiveness of the controller and also 

comparison has been made with other controllers in order to 

provide evidence to ensure the best performance than other 

compared controllers in the exact conditions described in 

case 1, case 2 and case 3. Here, DC-DC boost converter and 

3 phase inverter with VSC controller has been used. After the 

conversion from DC to AC, step up transformer is used 

which is then finally supplied to the grid.  

4.2. Case 1: Analysing in Variable Temperature but 

Constant Irradiation  

In this case, irradiation level is maintained constant at 

1000 Watt/m2 but temperature is varied with respect to time 

which is shown in Fig. 7 (a), (b). 

Voltage source 

controller

PV array

R L

C1

C2

C3

Fuzzy based 

MPPT controller
V_PV

P_PV

Grid
Load

 Fig. 6. Proposed grid connected PV system with the MPPT. 

Here the proposed fuzzy logic controller has been 

compared with ten different controllers (six different 

controllers based on methodology) and for having clear 

indication of the effectiveness of the controllers, comparisons 

has been made using [47], [65]–[68] materials and also 

corresponding tables are shown in table III. Fig. 8 indicates 

the performance of the four controllers: Advance fuzzy 

controller is the proposed controller, incremental 

conductance + incremental regulator controller was given in 

[67], improved fuzzy controller was modelled in [47] and the 

controller named as P&O controller 2 was modelled in [66]. 

Until t=0.4 second, the PV system operates without the 

controller. After t=0.4 second, the system is connected with 

the associated MPPT controller. Extracted data from Fig. 8 

can be compared to table III as considering same conditions 

showing better effectiveness for proposed controller. 

Table III 

Comparison of MPPT Controllers for Case: 1 

MPPT Controller 

Output Power from the PV 

Panel (kW) 

25 C  30 C  35 C  

P&O based controller 1 

[65] 
90.13 86.73 83.32 

INC Controller [65] 94.52 90.91 87.32 

GA-based optimized FLC 

[65] 
95.09 89.56 83.12 

PSO-based optimized 

FLC [65] 
96.03 90.10 82.56 

PSO-GA based optimized 

FLC [65] 
98.70 94.47 89.94 

P&O based controller 2 

[66] 
95.33 93.93 92.52 

INC+ incremental 

regulator controller [67] 
95.32 93.93 92.52 

FLC (using I and P) [68] 40.73   

FLC (using V and P) [68] 80.64   

Improved FLC [47] 81 66.91 54.45 

Advanced FLC 

(proposed controller ) 
100.36 98.44 95.67 

 

 

(a) 

 
(b) 

Fig. 7. (a) Irradiation level with respect to time (case 1). 

(b) Temperature level with respect to time (case 1). 
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Fig. 8. Comparison among different controllers including the proposed FLC for case 1. 

 

Table IV 

Comparison of MPPT Controllers for Case: 2 

MPPT Controller 

Output Power from the PV 

Panel (kW) 

1000 

W/m2 

800 

W/m2 

600 

W/m2 

P&O based controller 1 

[65] 
90.13 71.99 53.68 

INC Controller [65] 94.52 75.47 56.29 

GA-based optimized 

FLC [65] 
95.11 75.60 56.14 

PSO-based optimized 

FLC [65] 
96.15 76.32 56.78 

PSO-GA based 

optimized FLC [65] 
98.85 78.69 58.64 

P&O based controller 2 

[66] 
100.4 80.16 59.86 

INC+ incremental 

regulator controller [67] 
100.4 80.15 59.85 

FLC (using I and P) [68]    

FLC (using V and P) [68]    

Improved FLC [47] 90 71.43 51.74 

Advanced FLC 

(proposed controller ) 
101.60 81.17 60.68 

 

4.3. Case 2: Analysing in Variable Irradiance but 

Constant Temperature  

In this event, temperature level has been kept constant but 

the irradiation level is varied which is shown in Fig. 9. Table 

IV shows the comparisons of the performances among various 

MPPT controllers for mentioned conditions labelled as case 2. 

Data extracted from Fig. 10 can be compared to table IV as 

proposed controller showing better effectiveness. 

 

 

4.4. Case 3: Analysing in Simultaneous Changes of 

Irradiance and Temperature  

 

In this condition, both the irradiation and temperature level are 

varied with respect to time according to Fig. 11 to 12. Table 

VI shows the comparisons of the performances among various 

MPPT controllers for the above case 3. Extracted data from 

Fig. 13 is compared to table VI as there’s a clear indication 

that for the above cases discussed above, the proposed FLC 

shows best performance in tracking the magnitude of the 

maximum power out of the PV panel which is approximately 

99%. Maximum power for 25, 30 and 35 C  are 100.7, 98.91 

and 97.43 Kw respectively. 

 

 
Fig. 9: Irradiation level with respect to time (case 2). 
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Fig. 10. Comparison among different controllers including the proposed FLC for case 2.

 
Fig. 11. Irradiation level (case 3). 

 
Fig. 12. Temperature level (case 3). 

 

Fig. 13. Comparison among different controllers including the proposed FLC for case 3. 
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4.5. Grid Power  

Table V 

Specifications of different elements 

VSC (voltage source converter) 

Parameters (unit) Value 

Snubber resistance (ohm) 1e^(6)=1000000 

Power electronic device IGBT/Diodes 

Internal resistance (ohm) 0.2e^(-3)=0.0002 

Three phase series RL branch 
Resistance (ohm) 500*e^(-6)*377/50/2=0.00754 

Inductance (H) 500e^(-6)/2=0.00025 

Three phase RLC load 

Nominal phase to phase rms voltage (V) 240 

Nominal frequency (Hz) 60 

Active power (W) 10e^(3)/100=10 

Capacitive reactive power (var) 10e^(3)=10000 

Three phase transformer (wyeg-delta) 

Nominal power (VA) and frequency (Hz) [100000  60] 

Magnetization resistance (in per unit) 500 

Magnetization inductance (in per unit) 500 

2 MW load (Three phase parallel 

RLC load) 

Nominal phase to phase voltage (V) 25000 

Nominal frequency (Hz) 60 

Active power (W) 2e^(6)=2000000 

30 MW 2 Mvar load (Three phase 

parallel RLC load) 

Nominal phase to phase voltage (V) 25e^(3)=25000 

Nominal frequency (Hz) 60 

Active power (W) 30e^(6)=30000000 

Inductive reactive Power (var) 2e^(6)=2000000 

Three phase transformer (wyeg-delta) 

Nominal Power  (VA) and frequency (Hz) [47e^(6)   60] 

Magnetization resistance (in per unit) 500 

Magnetization inductance (in per unit) 500 

Grounding transformer 

Nominal Power  (VA) and frequency (Hz) [100e^(6)   60] 

Nominal voltage (V) 25e^(3)=25000 

Zero sequence resistance (per unit) and 

reactance (per unit) 
[0.025   0.75] 

Three phase voltage 

source in series with 

RL branch 

Source 
Phase to phase rms voltage (V) 120e^(3)=120000 

Frequency (Hz) 60 

Impedance 

3 phase short-circuit level at base voltage 

(VA) 
2500e^(6)=2500000000 

Base voltage rms (V) 120e^(3)=120000 

X/R ratio 7 

 

    There are some elements connected between the grid and 

the PV panel for processing three phase power. After 

extracting the power from the panel, a 33*60 Hz, 500 V 3 

level VSC (voltage source converter) has been used for 

converting the DC power to AC. The VSC converts the 500V 

DC link to 260V AC and keeps almost the unity power factor.  

 

    The three bridge arms consist of three phase RL branch and 

across it, connected a 10 kvar RLC load.  Next a three phase 

wye-delta transformer is connected to the utility grid through 

the bus. In the utility grid, there is total (5+14) km feeder. 

After 5 km a 2 MW load and further (after 19 km) another 30 

MW 2 Mvar load is connected. Finally a 120 kV/25 kV, 47 

MVA transformer connected to a three phase voltage source in  

 

series with RL branch. 

Now, atmospheric condition is considered similar to case 1 

which is shown in Fig. 7. The power delivered to the grid is 

shown in Fig. 14. Table V contains all of the above mentioned 

elements information. 

In each cases, the delivered power is labelled in Fig. 14. 

When temperature is at 25 C , the power extracted from the 
array is 100.36 kW, power delivered to the grid is 98.79 kW. 

As a result, 1.56% power loss occur from the drawing power 

when delivered to the grid. Similarly for 30 C  and 35 C , 

1.69% and 1.81% power losses occur respectively when 

delivered to the grid.  

For case 2, power delivered to the grid is shown in Fig. 15 

and atmospheric condition in Fig. 9. As similar with the 
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previous one discussed above, power losses occur for 1000 

watt/m2, 800 watt/m2 and 600 watt/m2 are respectively 1.59%, 

1.44% and 1.33%. 
 

 
 

Fig. 14. Power delivered to the grid for case 1. 

 

 
 

Fig. 15. Power delivered to the grid for case 2. 

 

 

Fig. 16-18 illustrates the percentage of power extracted from 

the panel by different controllers using the Table III. For each 

of the separate conditions the advanced FLC (proposed 

controller) draws the highest power comparing with the other 

controllers. 

 

    Similar types of figures can be formulated by using 

information of table IV and table VI which will ultimately 

indicate that in each case advanced controller performs best 

among other compared controllers in each separate conditions. 

Table VI 

Comparison of MPPT Controllers for Case: 3 

MPPT Controller 

Output Power from 

the PV Array (kW) 

700 

W/m2, 

25 C  

1000 

W/m2, 

40 C  

P&O based controller 1 [65] 63.13 79.65 

INC Controller [65] 65.52 83.24 

GA-based optimized FLC [65] 66.63 81.79 

PSO-based optimized FLC [65] 67.76 83.39 

PSO-GA based optimized FLC 

[65] 
69.19 84.91 

P&O based controller 2 [66] 63.97 89.67 

INC+ incremental regulator 

controller [67] 
63.96 89.66 

FLC (using I and P) [68]   

FLC (using V and P) [68]   

Improved FLC [47] 54.42 42.61 

Advanced FLC (proposed 

controller ) 
70.02 91.42 

 

 
 

Fig. 16. Extraction of power for case 1 at 250C. 

 
Fig. 17. Extraction of power for case 1 at 300C. dfddddddddddd 
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Fig. 18. Extraction of power for case 1 at 350C. 

    4.6. Tracking Time 

Analyzing the Fig. 8 and Fig. 10 we can found out the 

tracking time for each case. But from Fig. 10, we get a clear 

indication that when irradiation level changes from 600 to 

1000 Watt/m2, P&O based controller 2 lags in tracking the 

power according to the condition with respect to other 

controllers. For the tracking time, two types of events are 

considered: 1) power decreased due to changing conditions, 2) 

power increased due to changing conditions. 

Fig. 8 referred to power decreasing condition; at this case the 

tracking time for P&O controller 2, INC+ incremental 

regulator controller and advanced fuzzy controller are 

respectively 0.025, 0.02 and 0.01 second. 

 

Fig. 10 referred to the power increasing condition started 

around t=2 second; at this event the tracking time for P&O 

controller 2, INC+ incremental regulator controller and 

advanced fuzzy controller are respectively 0.284, 0.02 and 

0.01 second. This time P&O controller 2 takes more time than 

the previous one.  

 

4.7. THD Analysis 

Voltage of the grid has been analyzed after filtering process 

which shows 0.04%THD. Table VII shows the harmonic 

source and Fig. 19 shows the harmonic spectrum. 

 
 

Fig. 19. Harmonic magnitude spectrum. 

 

Table VII 

Harmonic Source Data 

Harmonic order Magnitude (%) 
Relative angle 

(degree) 

1 100 -37.8 

3 0.00 21.5 

5 0.01 134.2 

7 0.00 59.0 

11 0.01 111.5 

13 0.02 41.9 

15 0.00 264.4 

 

 

5. Performance of the FLC Considering 

Bangladesh’s Condition, Teknaf 

 

Geographically Bangladesh is located in South Asia, between 

20034’ to 26038’ north latitude and 88001’ to 92041’ east 

longitude[69] . We can also acknowledge from [70] that solar 

energy sources in Bangladesh, 67.7%, relatively higher than 

other renewable energy sources (hydro, wind and others). For 

Bangladesh, we select Teknaf, upazila of Cox’s Bazar as it is 

one of the highly prospective location for solar energy sources 

as well as the duration of the sunshine is quite constant and 

relatively higher (as we can see from [71] ) among others. 

    Table VIII shows name of the month, maximum 

temperature Tmax, minimum temperature Tmin, monthly 

averaged daily solar radiation Hm, monthly average daily 

hours of bright sunshine S (hour) where these data are 

collected from [72] and the contains associated within the 

brackets represents their corresponding units. With the help of 

these data, further the considered averaged temperature 

denoting the average of maximum and minimum temperature 

T (degree celcius) and irradiation level H (kilo Watt per meter 

square) are calculated. Then, the calculated temperature and  
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Table VIII 

Collection of necessary data for Teknaf, Bangladesh for further calculation of ‘T’ and ‘H’ and analyzing the 

performance(P_PV and P_G) 

Month 

Tmax 

C [72] 

Tmin 

C [72] 

Hm 

kWh/m2 

S 

h 

(hour)[72] 

T 

C  

H 

W/m2 

P_PV 

kW 

P_G 

kW 

January 30.2 11 4.73 8.32 20.6 568.50962 57.41 56.65 

February 32.8 12.5 5.51 8.46 22.65 651.30024 65.54 64.75 

March 34.1 15.4 6.1 8.54 24.75 714.28571 71.53 70.54 

April 34.4 20.6 6.29 8.04 27.5 782.33831 77.69 76.57 

May 35 22.3 5.59 7.02 28.65 796.2963 78.71 77.42 

June 34.1 23.5 3.86 4.4 28.8 877.27273 86.77 85.39 

July 32.9 23.9 3.16 2.84 28.4 1112.6761 110.3 108.4 

August 33.1 23.8 3.9 3.2 28.45 1218.75 120.6 118.5 

September 33.8 24.5 4.45 5.14 29.15 865.75875 85.49 84.14 

October 33.8 22.6 4.6 6.58 28.2 699.08815 69.06 68.13 

November 33.3 17.2 4.68 8.18 25.25 572.12714 56.96 56.2 

December 30.9 13.7 4.23 7.68 22.3 550.78125 55.31 54.55 

 

 

irradiation level are given as input to our PV system and 

observe the performance parameter of our proposed FLC: 

extracting of power form the PV panel, P_PV (kilo-Watt) and 

power fed to the grid, P_G (kilo-Watt), tracking time and 

THD level. 

 

In case of analyzing the performance, similarly, two states 

have been considered: 1) steady state operation and 2) 

dynamic operation which will further validate the 

effectiveness of the FLC. 

5.1. Case 1: Analysing performance of FLC in Teknaf, 

Bangladesh considering steady state operation 

After drawing the maximum power from the PV panel, then 

power is fed to the grid and the amount of it is tabulated in 

table VIII (column 9, P_G). 

 

 

 

 

 

 

 
 

Fig. 20. Maximum power extraction from PV panel for 

January by FLC.
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 Fig. 21. Maximum power extraction from PV panel for 

February by FLC. 

 

Fig. 22. Maximum power extraction from PV panel for 

March by FLC. 

 

Fig. 23. Maximum power extraction from PV panel for 

April by FLC. 

 

Fig. 24. Maximum power extraction from PV panel for May 

by FLC. 

 

Fig. 25. Maximum power extraction from PV panel for June 

by FLC. 

 

Fig. 26. Maximum power extraction from PV panel for July 

by FLC. 
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Fig. 27. Maximum power extraction from PV panel for 

August by FLC. 

 

Fig. 28. Maximum power extraction from PV panel for 

September by FLC. 

 

Fig. 29. Maximum power extraction from PV panel for 

October by FLC. 

 

Fig. 30. Maximum power extraction from PV panel for 

November by FLC. 

 

Fig. 31. Maximum power extraction from PV panel for 

December by FLC. 

 

Fig. 32. Power delivered to the grid for the 6 months. 
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Fig. 33. Power delivered to the grid for the next six months 

relating Fig. 32. 

 

Fig. 34. Condition of irradiation throughout the year. 

 

Fig. 35. Condition of temperature throughout the year. 

5.2. Case 2: Analysing performance of FLC in Teknaf, 

Bangladesh considering dynamic state operation 

Now, consideration has given on dynamic state indicating 

that both irradiation level and temperature change with the 

passage of time. 

 

    Fig. 34 and Fig. 35 shows the irradiation and temperature 

level for the above mentioned 12 months respectively and 

again then initial condition has been restored. There have 

been 12 different sections numbered serially from 1 to 12 

which states nothing but the months. These sections are 

depicted in Table IX. Fig. 36 and Fig. 37 shows power 

extracting from the panel and then power delivering to the 

grid respectively. 

     

Through the observation, the amount of power extracted 

from the panel and delivered to the grid for dynamic state 

exactly matches with the corresponding steady state along 

with maintaining fast tracking i.e. requiring less time for 

attaining the optimal point. Thus the effectiveness of the 

proposed FLC is justifiable. 

 

Table IX 

 Illustration of  the Sections 

Number of 

sections 
Indicated Month 

Simulation 

starting to 

ending time  

(second) 

1 January 0 to 0.75 

2 February 0.75 to 1 

3 March 1 to 1.25 

4 April 1.25 to 1.5 

5 May 1.5 to 1.75 

6 June 1.75 to 2 

7 July 2 to 2.25 

8 August 2.25 to 2.5 

9 September 2.5 to 2.75 

10 October 2.75 to 3 

11 November 3 to 3.25 

12 December 3.25 to 3.5 

1 January 3.5 to 4 

 

Fig. 36. Power drawing from PV panel for dynamic state. 
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Fig. 37. Power fed to the grid for dynamic state. 

6. Conclusion 

An advance fuzzy controller has been modelled for MPPT 

and has been compared with other controllers in several 

cases. In each case it shows better performance in different 

parameters: 1) extracting optimum power from the panel in 

both steady and dynamic state conditions, 2) delivering the  

power after extraction from panel to the grid with reduced 

losses, 3) very fast tracking of optimum power for the 

corresponding condition and 4) maintaining satisfactory level 

(within IEEE standard) of THD for grid voltage after 

completing the filtering process. 

Relating the performance evaluating parameters and the 

cases discussed above in section 4 and 5, it is observed that 

the system with the proposed controller always draws up to 

99% of the maximum power from the panel. It indicates very 

satisfactory performance in comparison to other controllers. 

In the proposed controller also delivers the extracted power 

to the grid with reduced losses which is approximately 1.5%. 

Also the proposed FLC is very fast in tracking optimum 

power as it takes only 0.01 second. Also in case of rapidly 

changing conditions, the FLC maintained the same tracking 

performance. Furthermore, grid voltage’s THD level is well 

within the IEEE standard as showing only 0.04% after 

filtering which is necessary for maintaining healthy condition 

at the load site. Finally, some data are collected for Teknaf, 

Bangladesh throughout the year and performance has been 

evaluated which indicates the effectiveness of the proposed 

controller under various weather condition. 
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