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Abstract-Photovoltaic (PV) solar energy is a renewable energy source that the world should exploit in abundance to increase 

its energy supply. However, its production is strongly influenced by sunshine and ambient temperature. Thus, its power-voltage 

characteristic is impacted by atmospheric conditions and thus hinders its operation at the point of maximum power. However, 

there are several algorithms in the literature, making it possible to extract at any time the maximum power from the PV, whose 

operating principle consists in modifying the duty cycle of a converter placed between the source (PV) and the load in order to 

operate the assembly at the point of maximum power.In this article, we propose a new strategy for finding the maximum power 

point (MPP), based on the fuzzy controller and the duty cycle modulator (DCM). This strategy (fuzzy-DCM) consists in 

positioning the DCM at the output of the fuzzy controller in order to control the DC-DC converter, placed between the PV and 

the load.The objectives of this strategy are, on the one hand, to improve the speed of convergence towards the MPP, and on the 

other hand, to reduce the oscillations around this point. This strategy is later tested on the Matlab/Simulink environment on a 

250kW solar power plant and compared to the Fuzzy-PWM strategy. The test results show that the Fuzzy-DCM strategy 

improves the convergence speed by 2,013 times that of the Fuzzy-PWM strategy. In addition, it also reduces the oscillations 

around the MPP by 2.36 times lower than the Fuzzy-PWM strategy.Finally, we can say that the Fuzzy-DCM strategy is faster 

and more accurate than the Fuzzy-PWM strategy. 

Keywords: MPPT, MPP, fuzzy controller, PWM, DCM, photovoltaic panel. 

Nomenclature 
DCM Duty Cycle Modulation MPPT Maximum Power Point Tacking 

PWM Pulse With Modulation OPAM Operational Amplifier 

MPP Maximum Power Point PV Photovoltaic 

DC Direct Current R resistance 

I Current L Inductance 

V Voltage C Capacitor 

N-DCM Neuro Duty Cycle Modulator NF-DCM Neuro Fuzzy Duty Cycle Modulator 

𝑉𝑂𝑝𝑡 Optimal Voltage 𝑉𝑂𝐶  Open Circuit Voltage 

𝐼𝑂𝑝𝑡  Optimal Current 𝐼𝑆𝐶  Short Circuit Current 

 

1. Introduction 

The ever-increasing energy needs are pushing the world 

to find other sources of energy in order to increase its energy 

supply [1]. Among these new energy sources, we find 

photovoltaic solar energy, the production of which is impacted 

not only by sunlight, but also by ambient temperature. And its 

operating point depends on atmospheric conditions (sunshine 

and temperature) and the characteristics of the connected load 

[2]. Indeed, for a given load and precise atmospheric 

conditions, there is a single point of optimal operation, called 

point of maximum power (MPP). Thus, when the source and 

the load are connected directly to each other, the operating 

point of the assembly is rarely optimal. So, when these 

conditions change, we will operate more or less far from the 

point of maximum power,load to operate the assembly at the 

point of maximum power. This converter can be a step-up 

(Boost [3]), step-down (Buck [4]) or Buck-Boost chopper. By 

varying the duty cycle of the converter according to the 

variation in atmospheric conditions, we force the PV to 

operate at MPP [2]. 

Indeed, this problem of pursuit of maximum power is the 

subject of much research to this day. There are in the literature, 
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different types of algorithms for MPPT research such as 

MPPTs based on voltage or current regulation, conductance 

increment (IC), disturbance and observation (P&O) and logic 

blurred [5]. In this context, the MPPT technique based on 

voltage or current regulation, exploits the proportionality 

relationship between the optimal values of the maximum 

power point (Vopt and Iopt) and the no-load (open circuit) and 

short-circuit parameters (VOCandISC) of the photovoltaic 

module. However, although this technique is easy to 

implement, but it is limited by low accuracy due to parameter 

estimation methods that require power transfer shutdown. And 

in addition, under variations in climatic conditions, this 

technique presents inefficiency in monitoring the MPP [5]-[6]. 

On the other hand, the search technique based on the IC, 

exploits the variation of the conductance of the GPV and its 

influence on the position of the operating point. This technique 

is very complex than techniques based on voltage or current 

regulation, and moreover, it has a long execution time, which 

reduces its convergence speed[5], [7]. As for the P&O 

algorithm which consists of causing a small disturbance on the 

voltage V and observing the evolution of the power in order to 

determine the MPP. Although this algorithm is simple and 

requires less measured parameters, however, it causes 

permanent oscillations around the MPP. To solve the problem 

of permanent oscillations around the MPP, some researchers 

[8]-[10] have proposed reducing the value of the increment 

step. However, a small increment value slows down the search 

for the MPP. For others [5], [11], the solution is to use the 

fuzzy controller which is well suited to this type of problem 

because of its speed of converging. In addition, fuzzy control, 

known for its robustness, is adaptive in nature, which gives it 

great performance in varying system parameters and 

disturbances. 

However, at the output of the fuzzy controller, there is a 

modulator whose role is to convert the duty cycle emitted from 

this controller into pulses making it possible to control the 

chopper. The pulse width modulator (PWM) is widely used 

for that purpose [5]. However, the performance of the entire 

control is most of the time affected by the use of the PWM 

modulator. Therefore, it introduction in the chain of command 

not only lead to a problem of precision (following the 

setpoint), but also that of speed. However, the duty cyclic 

modulator (DCM) seems to be an alternative solution since it 

is known and has proven itself in several fields, in particular 

in power electronics [12]-[13], in signal transmission, in 

digital signal processing, etc.… Compared to PWM which 

operates at a fixed frequency, the operating frequency of the 

DCM is a function of the input signal that make his frequency 

spectrum poor in harmonics compare to that of PWM [1]. 

Which is an asset for the latter. And this operating principle 

can be favourable to us, in particular in the follow-up of the 

setpoint and the speed of convergence. 

 

2. Methodology and Research Tools 

Structure of our system, illustrated in Figure 1, shows that 

it consists essentially of a solar panel, a Boost chopper 

converter, a load and a Fuzzy-DCM command chain. 

 

Fig. 1. Fuzzy-DCM MPPT command block diagram. 

2.1. Modeling of the photovoltaic solar panel. 

We will start with Modeling a photovoltaic cell. 

2.1.1 Modeling of the photovoltaic cell 

This modeling involves determining the cell voltage and 

current equations as a function of lighting and ambient 

temperature[2]. Figure 2 shows PV cell. 

 

Fig.2. PV modeling scheme. 

Iph, D1I , RPI  and I, Represent respectively, the photo 

current from the illuminance, the current in the diode, the 

current in the parallel resistor and the current in the load. At 

any time,  

Ph D1 RpI I I I= − −      (1) 

The photo current is proportional to the incident flux and to 

the diffusion lengths of the carriers. 

h PI q.g(L L )= −      (2) 

The current in the parallel resistor has for expression: 

D1

RP

p

V
I

R
=      (3) 

And the current in diode has for expression:  
D1qV

AKT
D1 0I I (e 1)= −     (4) 

A, T, K, q and I0 are respectively, idealistic factor of the 

cell (which depends on the recombination mechanisms of the 

space charge zone), temperature of the environment, 

Boltzmann constant (138*10-23 J/K), The electron charge and 

the reverse saturation current of the diode. 

By putting (3), (4) in (1), we have: 

D1qV

D1AKT
ph 0

p

V
I I I (e 1)

R
= − − −   (5) 
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Where D1 SV V R I= +    (6) 

By doing (6) in (5), we have: 

D1qV

SAKT
ph 0

p

(V R I)
I I I (e 1)

R

+
= − − −   (7) 

And in addition,  

Ph CC i

G
I (I K (T 298.15))

1000
= + −   (8) 

Where: CCI , CCK and G represent respectively the short-

circuit current of the cell, the short-circuit temperature 

coefficient and solar irradiation. 

2.1.2 Modeling of the photovoltaic module 

A photovoltaic panel module is made up of several cells. 

Let Np be the parallel cell number of the module and Ns the 

serial cell number (Np=98 and Ns=12). 

Then we can rewrite equation (7) by introducing the 

number of cells into it as follows[2]: 

S

S P

R IV Pq( )
SN N

SAKT
P ph 0

P

N V
R I

N
I N I I (e 1) ( )

R

+ +

= − − −  (9) 

Equations (8) and (9), allow us to plot the I-V and P-V 

characteristics of figures 3 and 4 below at a solar irradiation 

varying from 400W / m2 to 1000W / m2 at an ambient 

temperature of 300C for a solar power plant of 250kW. 

 
 

Fig.3. I-V characteristic curve 

We observe in Figure 3 that the increase in illumination 

leads to an increase in current. 

 

 

Fig.4. P-V characteristic curve 

It can be seen in figure 4 that the power and the voltage 

increase with the lighting. And there are maximum power 

points that we can extract anytime by MPPT algorithm. 

2.2. Modeling of the Boost Chopper With the Load 

 

Fig.5. Boost chopper diagram 

 

Figure 5 above shows the Boost parallel chopper. Its 

modeling consists in determining the relationships between 

the voltages, powers and currents as a function of the duty 

cycle D. 

Expressions of the voltages, powers and currents can be 

developed as follows [10]: 

We can therefore deduce the following power expression: 

2

ch

ch ch ch 2

ch

V
P V I

(1 D) .R
= =

−
   (10) 

We can see in equation (10) that an increase in the duty 

cycle implies a decrease in the voltage of the PV, and a 

decrease in the duty cycle increases the voltage of the PV. And 

also in equation (11) that any variation in the duty cycle has a 

direct impact on horsepower. 

The fuzzy regulator that we will develop later will allow 

us to determine this duty cycle and the Duty Cycle Modulator 

will allow us to convert this duty cycle into control pulses, 

allowing us to control the electronic switches. 

2.3. Modeling of fuzzy MPPT-DCM 

The main idea is to combine the disturbance and 

observation method in a fuzzy-MRC controller taking into 

account the direction of variation of the disturbances. The P-

V characteristic of the photovoltaic panel being concave 

MPPT 
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(figure 4), we can deduce that if a positive increase in the 

voltage V creates an increase in the power P, this means that 

the operating point is to the left of the MPP (
dP

0
dV

 ). 

Moreover, if its derivative is less than zero (

2

2

d P
0

dV
 ), that 

is, we are approaching the PPM, so we continue in that 

direction. So 

2

2

d P
0

dV
 ,  we are far from the PPM, so we must 

increase the voltage V to reach the PPM. On the other hand, if 

the power decreases during an increase in voltage, this means 

that the operating point is to the right of the MPP (
dP

0
dV

 ). 

So the derivative 

2

2

d P
0

dV
  that is, we are approaching the 

PPM, so we continue in this direction. So 

2

2

d P
0

dV
 we are far 

from the PPM, then we must decrease the voltage V to reach 

the PPM. If we are close to the MPP (
dP

0
dV

 ), the 

disturbance is stopped [2]. These decreases and increases in 

voltage are made by varying the duty cycle. This algorithm is 

given in figure 6 below. 

PV

ch

ch PV

ch

ch ch

V
V

1 D

V V
I

R (1 D).R


= −


 = =
 −

   (11) 

 
 

Fig.6. The MPPT Algorithm 

2.3.1 Modelling of the fuzzy controller 

The modelling of the fuzzy controller can be summed up 

in three stages: fuzzification, inference and defuzzification. 

The basic structure of this logic is given in figure7 below. 

 

Fig.7. Basic structure of fuzzy logic. 

 

Fuzzification: it consists of converting the real input 

variables into a fuzzy set. We have two entries in our case (E 

and dE). The E represents the first derivative of the power and 

the dE the second derivative. The equations for these inputs 

are as follows: 

k k 1

k k 1

P PdP
E

dV V V

−

−

−
= =

−
    (12) 

2

k k 12

d P
dE E E

dV
−= = −     (13) 

We attribute to them the following linguistic variables: 

Very Negative (TN), Negative(N), Zero (Z), Positive (P) and 

Very Positive (TP). Their membership functions are shown in 

figure 8 below. 

 
 

 
 

Fig.8. Membership functions of inputs. 

 

Inference: the input variables are compared to predefined 
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sets (rules) to determine the appropriate response (output). In 

our case, we have chosen the fuzzy rules of the Takagi-Sugeno 

type. All this is indicated in the following Table1 

 

Table1. ΔD Variation rules 
 2

2

d P

dV
 

TN(%) N(%) Z(%) P(%) TP(%) 

 TN(%) +2 +2 +1 0 0 

 

dP

dV
 

N(%) +2 +1 +1 0 0 

Z(%) 0 0 0 0 0 

P(%) 0 0 -1 -1 -2 

TP(%) 0 0 -1 -2 -2 

 

Defuzzification: this is the reverse of Fuzzification, it 

consists of converting the fuzzy output subsets to real values. 

This real value of duty cycle will be converted into control 

pulses by the DCM, this modulator is developed in the 

following paragraphs. 

2.3.2 Modelling of the DCM and PWM modulator 

a. DCM Modulator 

The DCM is a relaxation oscillator whose principle is 

taken from that of tantalum vase. This modulator is under deep 

studies since 2005 [14]. Today, it is totally master in term of 

modelling and optimisation of its intrinsic parameters that 

makes it operate in linear mode. Basically, it based on the use 

of a negative resistor and it structure presents a double 

feedback as shown in figure 9. 

 

 
Fig.9.Diagram of the DCM 

 

In our system, x(t) is the input signal of the modulator and 

represent the output signal of the fuzzy controller. xm(t) the 

modulator output signal to be use to drive the chopper. 

 

Equations  

 For the sec of better understanding, it is recalled 

below the equations that governs the behaviour of the DCM 

modulator.  

Expressions of the voltage at the inputs of the OPAM can be 

developed as follows [15]-[16] : 

m

1 2 2 1 m

1 2

1 2

C

xx

R R R x R x
e

1 1 R R

R R

e U

+

−


+ +

 = =
+ +




=

   (14) 

The dynamic behaviour of the modulator is governed by 

equations (15). 

m

m

c

c m

1

e (t) x(t) x (t)

(t) e e

x (t) Esign( (t))

du (t) 1 1
u (t) x (t)

dt R

 







+

+ −

 = +


= −


=

 = +


   (15) 

Where the intrinsic parameters of the modulator: 

1

1 2

R

R R
 =

+
, 2

1 2

R

R R
 =

+
and RC =   (16) 

The DCM is therefore characterized by: 

His period mT(x, ) . 

 

  (17) 

And its duty cycle  

    (18) 

  (19) 

It should be noted that the equation (19) is nonlinear but 

present a linear portion as we can see in Figure 9. This linear 

portion can be enlarged by optimizing the choice of α and β 

values [18]. This led to a linear approximation of equation (19) 

given by equation (20). It is demonstrated that both equations 

are almost identical [1]. 

   (20) 

R1 R2

R

C

X(t)

Xm(t)- E

+ E

-

+

Uc(t)

2 2

m 2 2

( x) ((1 )E)
T(x, ) log

( x) (( 1)E)

 
 

 

 − −
=  

− − 

mR

on

m

m

T (x, )
R

T(x, )




=

m

2 2

2 2

m

(1 )x ((1 )E
log

(1 )x (( 1)E
R

( x) ((1 )E)
log

( x) (( 1)E)

 

 

 

 

 − − +
 

− − − 
=

 − −
 

− − 

m

x 1
R

1 2
E(1 ) log( )

1








= +
+

+
−
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Figure 10 shows the variations of  and as a 

function of the input voltage x(t). With = 0.6 and E = 15V. 

 

Fig. 10: Variation of the duty cycle depending on the input voltage 

Oscillation frequency  

 (21) 

For x (t) = 0, we have: 

   (22) 

Figures 11 and 12 show the frequency and pulse variations 

according to the input signal. With 

1 2R R 10k ,R 8.2k ,C 0.8096nF

E 15V

= =  =  =

=
 

And x (t) varies between -10V to 10V 

 
 

Fig.11.Curve of changes in frequencydepending on the input voltage 

 

Fig.12.variation of output pulses (Xm(t)) as a function of input signal 

(X(t)). 

It can be seen in figure 12 that the frequency, the duty cycle 

therefore the pulses of the DCM, vary with the input signal x 

(t). This will allow us to control the chopper 

b. PWM Modulator 

The scheme of a PWM signal generator is shown in figure 

13. It consists to a triangular signal generator which produces 

a carrier and an inverting comparator whose output switches 

as a function of the difference between the carrier and the 

control signal x [19]-[20]. 

 

 
Fig.13.Diagram of the PWM 

 

This modulator is the most used to control converters in 

order to extract the maximum power from renewable energies 

[21]-[22]. The modeling equations of this modulator are 

developed below. 

 

Equations  

 For the sec of better understanding, it is recalled 

below the equations that governs the behaviour of the PWM 

modulator [23]-[24]. 

The PWM is therefore characterized by: 

His period mT(x) . 

1 2mT(x) 4R RC / R=     (23) 

And its duty cycle mR  

on

m

m

T (x)
R

T(x)
=      (24) 

m

2

1m

1 x R
R [1 . ]

2 E R
= −     (25) 

Oscillation frequency mF(x)  

mR mR

mF(x, )

m 2 2

2 2

1
F(x, )

( x) ((1 )E)
RC.lo g

( x) (( 1)E)


 

 

=
 − −
 

− − 

m

1
F(0, )

(1 )
2RC.log

( 1)






=
 −
 

− 



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
K. C. Hubert et al., Vol.12, No.1, March, 2022 

76 
 

m

1
m

F R2 / 4R RC=     (26) 

For
m

F =50kHz, we have: 

1 2R R 10k ,R 8.2k ,C 1.025nF

E 15V

= =  =  =

=
 

3. Simulations and Analysis of Results 

Virtual simulations are performed on the Matlab / 

Simulink environment to compare the MPPT-Fuzzy-PWM 

and MPPT-Fuzzy-DCM command. To compare these two 

commands, you must define the comparison criteria. In our 

case, we are going to make the comparison on the precision 

and the speed of convergence at the same modulation 

frequency (50 kHz), and having the same fuzzy controller. In 

addition, the signal coming from the fuzzy controller being 

normalized from 0 to 1, and the PWM modulator placed 

directly after this controller also being normalized from 0 to 1 

in Matlab / Simulink, these two blocks can be directly 

connected without amplification. On the other hand, the DCM 

not being standardized in this software, we use a gain of 15, in 

order to have an input voltage of the DCM between 0 and 15, 

corresponding to its operating range.

3.1. Simulation Diagram 

The following figure 14 represents the eastern simulation diagram of our system 
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Fig.14. Simulation diagram 

3.2. Simulation results 

Data: G= [1000, 800], T300C, P=250 kW and F=50 kHz 

The following figure 15 represents the results of the simulations 

 

 

 

  
 

Fig.15.Power, voltage and current curves of the MPPT Fuzzy-PWM and DCM 
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3.3. Results analysis 

3.3.1. Power analysis. 

a. For irradiation of 1000 W/m2 

For the solar irradiation of 1000W/m2, the MPPT Fuzzy-

PWM and MPPT Fuzzy-DCM curves of figure 15-b, give us 

the values of the following table 2. 

We find that the MPPT Fuzzy-PWM command has a 

response time of 0.02652 s, while that of the MPPT Fuzzy-

DCM command is 0.01317 s, so the MPPT Fuzzy-DCM 

command converges faster (i.e. 2.013 times more) than that of 

MPPT Fuzzy-PWM. In addition, we observe the power 

oscillations ranging from 216.4 kW up to 266.6 kW for the 

MPPT Fuzzy-PWM, and going from 231.1 kW up to 252.3 kW 

for the MPPT Fuzzy-DCM. 

Table2. Comparison table of the two controls for an 

irradiation of 1000 W/m2 

 MPPT 

Fuzzy-PWM 

MPPT Fuzzy-

DCM 

Response time 

(s) 

0.02652 0.01317 

Maximum 

power (kW) 

266.6 252.3 

Minimum 

power (kW) 

216.4 231.1 

ΔP (kW) 0.502 0.212 

Therefore, the MPPT Fuzzy-DCM command produces 

less power oscillation (i.e. 2.36 times less) than the MPPT 

Fuzzy-PWM. 

b. For Irradiation of 800 W/m2 

As previously, the MPPT Fuzzy-PWM and MPPT Fuzzy-

DCM curves in figure 15-b, for an irradiation of 800 W / m2, 

give us the values in the following table3: 

Table3. Comparison table of the two controls for an 

irradiation of 800 W / m2 

 MPPT 

Fuzzy-PWM 

MPPT Fuzzy-

DCM 

Maximum 

power (kW) 

210 202.3 

Minimum 

power (kW) 

186.3 188.1 

ΔP (kW) 0.237 0.142 

We find that the Fuzzy-PWM MPPT drives power 

oscillations ranging from 186.3 kW up to 210 kW and ranging 

from 188.1Kw up to 202.3 kW for the Fuzzy-DCM MPPT. 

Therefore, the MPPT Fuzzy-DCM control produces less 

power oscillation (i.e. 1,669 times less) than the MPPT Fuzzy-

PWM. 

 

 
 

3.3.2. Voltage and current analysis. 
 

a. For irradiation of 1000W / m2 

For solar irradiation of 1000W / m2, the curves of variation of 

voltages and currents of figures 15-c and 15-d, give us the 

values of the following table4: 
 
 

Table4. Comparison table of the two commands in 

voltages and in currents. 

𝑽𝑷𝑽(V) 𝑰𝑷𝑽(A)   

0.0231 0.004 Fuzzy-

PWM 

 

Response time(s) 

0.0138 0.004 Fuzzy-

DCM 

350.9 750 Fuzzy-

PWM 

 

Maximum value 

348.5 749 Fuzzy-

DCM 

319 700.9 Fuzzy-

PWM 

 

Minimum value 

319.9 704.2 Fuzzy-

DCM 

Table4 shows that the oscillations of voltages and currents are 

reduced for the fuzzy-DCM strategy compared to the fuzzy-

PWM strategy. In addition, the response time of the fuzzy-

DCM strategy is reduced compared to the fuzzy-PWM 

strategy.  

b. For irradiation of 800W / m2 

For solar irradiation of 800W / m2, the curves of variation of 

voltages and currents of figures 15-c and 15-d, give us the 

values of the following table5: 

Table5. Comparison table of the two commands in 

voltages and in currents. 

𝑽𝑷𝑽(V) 𝑰𝑷𝑽(A)   

352.48 602.11 Fuzzy-

PWM 

 

Maximum 

value 348.53 604.08 Fuzzy-

DCM 

319.32 556.49 Fuzzy-

PWM 

 

Minimum 

value 313.82 566.07 Fuzzy-

DCM 

According to the table5, except for the voltage Vpv, the 

other oscillations voltages and currents are reduced for the 

fuzzy-DCM strategy compared to the fuzzy-PWM strategy. 

4. Conclusion 

In this work, we have described the most used MPPT 

algorithm for PV, which is that of perturbation and 

observation. Then we underlined certain limitations which 

sully the latter, in particular the lack of precision and speed. 

Next, we proposed a fuzzy MPPT-DCM to overcome these 

limitations. Finally, a simulation and analysis of the results of 

the MPPT Fuzzy -PWM and the MPPT Fuzzy-DCM were 

carried out for a 250KW solar power plant. It turns out that our 
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fuzzy MPPT-DCM strategy is more accurate (2.36 times) and 

faster (2.013 times) than the fuzzy MPPT-PWM strategy.  

In the future, we are first interested in improving these 

results by trying Neuro-DCM (N-DCM) and then Neuro-

Fuzzy-DCM (NF-DCM) controllers. Then we will implement 

this strategy in a real system. Then we will broaden its fields 

of application, in particular on wind and tidal turbines. Finally, 

an experimental study to validate the theoretical results could 

be considered later. 
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