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This paper presents the implementation of perturb and observe 

maximum power point tracking algorithm with Duty Cycle Modulation 

instead of pulse width modulator for photovoltaic power generators. 

Like all the different methods used for tracking the maximum power 

point of photovoltaic system, perturb and observe method use a Pulse 

Width Modulation to control the DC-DC converter. Here, the Duty 

Cycle Modulation is used in the place of Pulse Width Modulation. A 

detailed analysis of the approach is proposed and simulations are 

performed using MATLAB/Simulink software. The results show the 

performance and speed at which this control reaches the maximum 

power point. The response times is very low and is between 0.0125s and 

0.05s depending on the climatic variations. So, Duty Cycle Modulation 

can be used as an alternative to Pulse Width Modulation for the search 

of the maximum power point. 

 

1. Introduction 

 

 Due to increasing demand for energy and depletion of fossil fuel reserves, looking for 

alternative energy resources has become essential [1]. The renewable energies such as wind 

energy, photovoltaic (PV) energy present an alternative solution to produce needed electricity 
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[2]. Among renewable energy resources, PV energy has drawn much attention in recent years. 

Nowadays, demand of PV systems is increasing rapidly due to environmentally friendly energy 

conversion process and the features of solar energy such as plentiful amount, free of cost, 

sustainable and global availability [3]. However, the power generated by PV modules depends 

on environmental factors, e.g. solar radiation and atmospheric temperature. These factors affect 

both current-voltage and power-voltage characteristics of the PV system and hence connected 

load. In order to reduce the impact of environmental variations, a Maximum Power Point 

tracking (MPPT) controller is required to optimally exploit the available power [4].  

Many MPPT technics have been proposed for tracking the maximum power point (MPP) of PV 

systems such as perturb and observe (P&O) [5-6-7-8], Incremental conductance (INC) [6-8], 

Hill climbing [8], Fractional open circuit voltage (FOCV) [8], Fractional Short-Circuit Current 

(FSCC) [8], fuzzy logic [3-4-8] and neutral network [4-8]. In practice, P&O method is the 

technic most commonly used due to its low cost, ease of implementation and relatively good 

tracking performance, compared to other technics [9]. 

All MPPT controls techniques are used to produce a duty cycle automatically and a DC-DC 

power stage is connected with MPPT controls to allow a PV generator produce the maximum 

persistent power, at any value of the metrological terms or the change in the values of loads 

which can happen at any moment [10]. The duty cycle produced by the MPPT algorithms is 

converted into a DC-DC control signal using the PWM technique. In this paper, we propose to 

use the duty cycle modulation (DCM) technique instead of the PWM technique. The DCM is a 

class of signal conversion techniques in which an input signal 𝑥 is transformed into a train of 

switching wave where pulse width and period of the modulated signal vary simultaneously as 

function of modulating signal [11-12]. Both DCM and PWM are modulation techniques that 

transform a modulating signal into a pulse train. The difference between the two is that in DCM, 

the frequency varies according to the modulating signal which is not the case in PWM where 

the frequency is fixed. Numerous studies have shown that it offers more advantages than the 

traditional PWM strategy in several application areas such as analogical-to-digital conversion 

[13-14], digital-to-analogical conversion [15], power electronic drivers [16-17], digital 

transmission systems for arbitrary waveforms, power quality [18], and optical transmission 

[19]. The aim of this work is to make an implementation of perturb and observe maximum 

power point tracking algorithm with DCM. 

After the Introduction section, the PV system configuration used for the study is presented in 

section 2.  Section 3 is devoted to a brief description of non-inverter duty cycle modulation. 
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Section 4 includes simulation results and discussion. Finally, a conclusion is presented in 

section 5.  

 

2. PV system configuration 

 

Figure 1 illustrates the configuration of PV power system with MPPT stage.  

 

 

Fig 1:  Configuration of PV power system with MPPT stage 

 

The PV power system contains a solar array, a DC-DC power converter connected directly to 

the load, an MPPT controller and an adaptation stage located between the MPPT controller and 

the DC-DC power converter. 

 

2.1 Solar cell and PV module 

The solar cell is the basic unit of a PV panel and it is the element in charge of transforming the 

sun rays or photons directly into electric power by a process called “photovoltaic effect” [9- 

15]. The figure 2: shows the equivalent circuit of solar cell. The model chosen is composed of 

a current source resulting from the luminous flux, a simple diode which describes the 

polarization phenomenon and a resistance to materialize the losses here. The symbols used in 

the model are summarized in nomenclature:  

 

Fig 2:  Equivalent circuit of solar cell [21] 

Id 
Ish 
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In Fig. 2, by applying Kirchhoff’s current law where Iph is Photovoltaic current source, Id is 

Diode current, Ish is Shunt current and output current of PV cell (Ipv ) can be expressed by 

equation (1). 

 pv ph d shI I I I    (1) 

The photo-current is proportional to solar irradiation G in W/m² and can be expressed by: 

   ph scr i r

r

G
I I k T T

G

 
   
 

 (2) 

Where  

scrI  is short-circuit current of the PV module at standard test condition (STC) of 25°C and 1000 

W/m², ik  is temperature coefficient of short-circuit, T is cell temperature (K), rT  is reference 

temperature (K) and rG is reference solar irradiation (W/m²). 

The diode current is given by:  

 
 

exp 1
pv s pv

d s

b
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where 

sI  is diode saturation current, q is electron’s charge, n  is the diode ideality factor and bK  is 

Boltzmann’s constant. 𝐼𝑠  can be expressed by equation (4)   
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where 

rsI  is the diode saturation current at rT , gE  is the silicon gap energy of semiconductor. 𝐼𝑠𝑟 and 

is given by equation (5) 
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where 

ocV is the open-circuit voltage. The shunt current is given by equation(6), 

 
pv s pv

sh

sh

V R I
I

R


  (6) 

For SN cells in series and PN  cells in parallel, the characteristic of a PV module is delivered 

as below [1]:
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 (7) 

 

2.2 DC-DC power converter 

DC-DC converter is an electronic circuit which converts a source of direct current from one 

voltage level to another [6]. We adopt a boost converter as the DC-DC power converter. It is 

widely used as DC-DC converter for photovoltaic application owing to its simple circuit and 

system design, high conversion efficiency and reduced voltage stress [7]. Its circuit topology is 

presented in figure 3: It is composed of switching devices, inductors and capacitors. 

 

Fig 3:  Topology circuit of DC/DC boost converter  

 

𝑉𝑒 = 𝑉𝑝𝑣 is the input voltage and sV  is the output voltage of the boost converter. The output 

voltage is greater than the input voltage and is expressed as [4]: 

 
1

pv

s

V
V





 (8) 

Where 𝛼 is the duty cycle in interval [0; 1] 

We assume that the inductor current Li  is equal to PV current pvI . The switch is usually an 

IGBT or MOSFET [1]. The passive components R , L , eC and sC  are converter load, inductor, 

input and output capacitor, respectively. 

 

2.3 P&O MPPT algorithm 

The perturb and observe MPPT algorithm is probably the most frequently used in practice, 

mainly due to its easy implementation [20]. As the name suggest, the P&O algorithm works on 

idea of introducing perturbation to the system’s operating point to generate maximum output 
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power. The principle of this algorithm is to disturb the voltage of the PV panel while acting on 

the duty cycle 𝛼. Indeed, following this disturbance, the power supplied by the PV panel at time 

k  is calculated, then compared to the previous one at time (𝑛 − 1). If the power increases, the 

MPP is approached and the duty cycle variation is maintained in the same direction. On the 

contrary, if the power decreases, we move away from the MPP. Then we have to reverse the 

direction of the change in the duty cycle [22]. The figure 4 shows the flowchart of this 

algorithm, it can be resumed as following: 

First, the voltage 𝑉𝑝𝑣(𝑛) and current
 
𝐼𝑝𝑣(𝑛) are measured for calculating the power 𝑃𝑝𝑣(𝑛). The 

variations of power ∆𝑃𝑝𝑣 = 𝑃𝑝𝑣(𝑛) − 𝑃𝑝𝑣(𝑛 − 1) and of voltage ∆𝑉𝑝𝑣 = 𝑉𝑝𝑣(𝑛) − 𝑉𝑝𝑣(𝑛 − 1) 

are calculated. 

 If ∆𝑃𝑝𝑣 × ∆𝑉𝑝𝑣 > 0, the duty cycle 𝛼(𝑛 + 1) = 𝛼(𝑛) + ∆𝛼 

 If ∆𝑃𝑝𝑣 × ∆𝑉𝑝𝑣 < 0, the duty cycle 𝛼(𝑛 + 1) = 𝛼(𝑛) − ∆𝛼 

 

 

Fig 4:  Flow chart of P&O algorithm [22] 
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3. Duty Cycle Modulation technic 

 

Initially invented and patented by Biard et al. in 1962, the realization of classical DCM circuit 

requires at least two integrated circuits and seven passive elements [23]. New simpler and 

higher quality duty cycle modulators have subsequently been proposed by Mbihi et al. Initially 

proposed for instrumentation problems, they are today used in many sectors such as optical 

transmission and analogic-to-digital conversion. The scheme of the DCM developed by Mbihi 

et al is shown in figure 5: The symbols used in the model are summarized in nomenclature.  

 

 

Fig 5:  Structure of the DCM 

 

This modulator has the advantage of being simpler than a PWM modulator. Its period 𝑇𝑠 and 

duty cycle  are defined by [24]: 

                                   𝑇𝑠 = 𝑅𝐶 ln (
(𝛼2𝑥)2−((𝛼1+1)𝑉𝑠𝑎𝑡)

2

(𝛼2𝑥)2−((𝛼1−1)𝑉𝑠𝑎𝑡)
2)                                                       (9)     
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Its minimum or central period and duty cycle (for 0refV  V) are given by: 

 

 

 

1
0

2

2 ln 1 2

1

2

R
T RC

R



 
  

 



 (12) 

 

The figure 6 and 7 show the evolution of the duty cycle and frequency as a function of the 

control voltage for different resistance values 2R . They show the impact of the resistor R2 in the 

relationship between the modulating signal and the value of the duty cycle on the one hand 

(figure 6) and the modulating signal and frequency on the other hand (figure 7). Although 

frequency variation could be seen as a problem, this is basically not the case, since the range of 

frequency variation as a function of the modulating signal is known (figure 7), so the 

dimensioning is done accordingly. It should be noted that in the DCM the center frequency 

(maximum i.e. for x=0) is the frequency to be taken into account when sizing the components 

of the DCM modulator. 

 

 
Fig 6:  Duty-cycle of a non-inverting DCM with a variable control 

𝛼 
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Fig 7:  Frequency of a non-inverting DCM with a variable control 

 

4. Results and discussion 

 

The MATLAB/Simulink platform is shown in Fig 8: The duty cycle produced by the perturb 

and observe by algorithm is injected into the DCM block, which calculates the control voltage 

of duty cycle modulator for equation 10. The output signal of the non-inverting duty cycle 

modulator is then used to control the switch of the DC-DC stage. 

 

 

Fig 8:  Simulink model  

 

The parameters of the boost converter, P&O MPPT algorithm and duty cycle modulation are 

listed in table 1, table 2 and table 3 respectively. 
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Table 1: Parameters of boost converter 

Parameters Values 

Inductance L  3 mH 

Input filter capacitance eC  100 µF 

output filter capacitance sC  100 µF 

Load R  30 Ω 
 

 

Table 2: Parameters of the P&O MPPT algorithm 

Parameters Values 

Initial duty cycle init  0.42 

maximum duty cycle max  0.8 

minimum duty cycle min  0.08 

Increment value   5e-6 

 

Table 3: Parameters of duty-cycle modulator 

Parameters                     Values 

𝑅                        1 𝑘Ω 

𝑅2                             10 𝑘Ω 

𝑅3                        4.8 𝑘Ω 

𝐶                        1 𝑛𝐹 

𝑉𝑠𝑎𝑡                        12 𝑉 
 

 

 

4.1 Simulation of PV module 

 

PV module used in this work is a 60W PV panel used in [24]. The data sheet of the reference 

model under standard test conditions is given in table 4. The frequency of simulation is 10𝑘𝐻𝑧. 

Figures 9 and 10 represent the different solar radiation and temperature profile used for 

simulation. Figures 11.a and 12.a represent P-V and I-V characteristics with different 

irradiations (1kW/m2, 0.75kW/m2, 0.50kW/m2 and 0.25kW/m2) at a constant temperature fixed 

at 25°C; while figures 11.b and 12.b represent P-V and I-V characteristics with different 

ambient temperatures (0°C, 25°C, 50°C and 75°C) at a constant solar irradiation fixed at 1000 

W/m². We notice that the power output characteristic of PV system is non-linear and crucially 
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influenced by solar irradiation and temperature with more influence of irradiation on the short-

circuit current than the influence of temperature on the open-circuit voltage. 

 

Table 4: Specifications of the PV module 

Name Unity Parameters Value 

Maximum power  
W 

mP
 60.53 

Maximum power voltage  
V 

mV
 17.05 

Maximum power current  
A 

mI
 3.55 

Open circuit voltage 
V 

ocV
 21.1 

Short circuit current 
A 

scI
 3.8 

N° of cell in a module 
- 

sN
 36 

Ideal factor of diode - n  1.3 

Series resistance  
Ω 

sR
 0.5 

Shunt resistance  
Ω 

shR
 124.8 

Temperature coefficient of  - 𝑉𝑜𝑐 -0.229 

Temperature coefficient of  - 𝐼𝑠𝑐 0.0307 

   

 

 

 
 

Fig 9: Solar radiation profile used for simulation Fig 10:  Temperature profile used for simulation 

 

 



Journal of Renewable Energies 23 (2020) 159 – 175 
 

170 
 

  
(a) At different solar radiations (b) At different ambient temperatures 

Fig 11:  P-V characteristics 

 

  
(a) At different solar radiations (b) At different ambient temperatures 

Fig 12:  I-V characteristics 

 

4.2 Simulation and results analysis of P&O MPPT 

 

The results of P&O MPPT algorithm using the DCM technics for PV system operated under 

standard environmental conditions (figure 14), under variable irradiations (figure 15) and under 

variable temperatures (figure 16) are presented in this section. The parameters of duty cycle 

modulators use for simulation are listed in table 3 and the Simulink bloc in figure 13.  

 

Fig 13:  DCM Simulink bloc 



Journal of Renewable Energies 23 (2020) 159 – 175 
 

171 
 

 

 

 
 
 
 
 
 
 
 
 
 

 
 

 

(a) Powers for standard condition (b) Duty cycle for standard condition 
 

Fig 14: Results for standard environmental conditions 

 

 

 

  
 

(a) Powers for variable irradiation (b) Duty cycle for variable irradiation 
 

Fig 15:  Results for constant temperature and variable irradiation 

 

 

 

 
 
 

 

(a) Powers for variable temperature (b) Duty cycle for variable temperature 
 

Fig 16:  Results for constant irradiation and variable temperature 
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The results obtained in the standard environmental conditions show that the output power of 

the PV system oscillates less than 0.5 W. On the other hand, the output power of the DC-DC 

chopper shows oscillations in the order of 1 W. The reaction time of the MPPT algorithm using 

DCM is less than 0.05 s. The curves in figure 14 show the behaviour of the system in cases of 

variations of irradiation. Regarding the power curve, the same oscillations of the output power 

of the PV system are observed for constant ranges of irradiation. During the transition phases 

of the irradiation, the output power of the PV system quickly follows the maximum power point 

with response times of less than 0.05s. The same behaviour in response time due to irradiation 

changes is observed with the output power of the DC-DC converter. For temperature variations, 

the steady state corresponding to constant temperature values show similar behaviour to that 

obtained at standard environmental conditions, i.e. oscillations of less than 0.5W and 1W for 

the PV system and DC-DC converter, respectively. In terms of reaction time following 

temperature transitions, the system has a response time of less than 0.025s.  

 

5. Conclusion 

 

The main aim of this work was to show that it is possible to use the Duty Cycle Modulation 

technique for maximum power point tracking purposes in photovoltaic systems. results 

obtained under standard environmental conditions and under variable temperature and 

irradiations conditions show that the P&O MPPT algorithm using DCM effectively allows 

firstly to extract the maximum power from the PV system and secondly to have low oscillations 

at the outputs of the PV system and the DC-DC converter. These results are satisfactory and 

show that DCM can be used as an alternative to PWM. 

 

Nomenclatures 

Parameters Name unity 

𝐼𝑝ℎ Photovoltaic current source 𝐴 

𝐼𝑑 Diode current 𝐴 

𝐼𝑠ℎ Shunt current 𝐴 

𝑅𝑠ℎ Shunt resistance Ω 

𝑅𝑠 Series resistance Ω 

𝐼𝑝𝑣 Cell current 𝐴 

𝑉𝑝𝑣 Cell voltage V 

𝑅, 𝑅2, 𝑅3 Resistors Ω 

C Capacitor 𝐹 

𝑈1 
Integrated circuit 

(Operational amplifier) 
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