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Abstract 
We find nowadays in several fields of application the presence of IoT tech-
nology such as wireless sensor and actuator networks. In this technology, one 
of the main points of study is the management of energy consumption. In this 
article, we provide a solar energy harvesting and storage system for powering 
wireless nodes. The system we propose uses a low power solar pane a P & O 
control adapted to fuzzy logic for the MPPT. For energy storage, we used the 
supercapacitor technology. The simulation of the models shows better results 
than using the P & O command for an autonomous power supply of the 
wireless communicating nodes in the study region. 
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1. Introduction 

This study is part of a project to protect Senegal’s rice fields against grain-eating 
birds using wireless sensors and actuators. In this wireless communication 
technology between objects, energy consumption is a crucial point. Indeed, it 
defines the lifespan of applications based on this technology. There are several 
ways to optimize this energy consumption or to provide additional energy. In 
this study, we present a system to collect and store solar energy in order to pro-
vide additional energy to wireless communicating nodes. The choice of this 
energy is motivated by its freedom and its availability in the study environment 
which is in the north of Senegal. Indeed, in Senegal, we have significant solar 
energy potential available with around 3000 hours of sunshine per year and an 
overall irradiation of 5.8 kWh/m2/day [1]. In particular in our study area 
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(Saint-Louis region) in northern Senegal, we have significant solar potential. 
Thus, to eliminate batteries in order to extend the lifespan of IoT-type appli-

cations and prevent environmental pollution due to the waste of used batteries, 
solar energy recovery is an excellent alternative in general, particularly in Senegal. 

2. Modelling of the Photovoltaic Generator 

In this section, we are interested in modelling the photovoltaic generator (PVG) 
to be used to power our wireless nodes. A photovoltaic generator or photovoltaic 
panel is an association of identical solar cells in series and/or in parallel [2] [3] 
[4]. 

2.1. Model of the Photovoltaic Cell 

We use the cell model with five parameters (Iph, Isat, Rs, Rsh and Ns). This model is 
considered to be the most realistic (than three or four parameters) because it 
takes into account more real parameters including possible losses (Figure 1). 
Usually, this single model is enough to model a PVG [5] that is why it is used in 
several studies as in [2] and [6]. 

The current supplied by the cell for this model is given by Equation (1). 

0

exp 1c s c c s c
c cc sat

T sh

V R I V R IEI I I
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  + ⋅ + ⋅
= − − −     

         (1) 

T
nKTV

q
=                           (2) 

With Ic cell current, E0 the sunshine intensity under standard conditions (E0 = 
1000 Wm−2), Vc cell voltage, Isc short-circuit current of the cell, Isat inverse satu-
ration current of the diode and VT thermodynamic potential (Equation (2)) such 
that n, K, T and q are respectively the idealist factor of the diode, the Boltzmann 
constant, the temperature of the PN junction and the charge of the electron. 

2.2. Modelling the Current-Voltage Characteristic of the Generator 

We have defined above that a photovoltaic generator (Figure 2) is a set of pho-
tovoltaic cells associated in series and/or in parallel. 

Thus, by considering Equation (1), we can determine the current-voltage cha-
racteristic of our photovoltaic generator by Equation (3). 

 

 
Figure 1. Five parameter cell model for one cell. 
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2.3. Modelling of the Power-Voltage Characteristic  
of the Generator 

The model of the power-voltage characteristic is given by Equation (4). 
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  (4) 

With Ppv, Ipv and Vc are, respectively, the power, the current of the solar panel 
as well as the voltage of the solar cell. 

2.4. Solar Panel Simulation 

Figure 3 shows the current-voltage and power-voltage characteristic of our 
photovoltaic generator. These simulation results are obtained under standard 
conditions (E = 1000 W/m2 at a temperature of 25˚C) with NS = 10 and NP = 1. 

 

 
Figure 2. General model of the photovoltaic panel. 

 

 
Figure 3. Current-voltage (a) and power-voltage (b) characteristic of the photovoltaic generator. 
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3. Conversion and Storage of Solar Energy Recovered 
3.1. Conversion and Adaptation of the Energy 

There are several techniques or photovoltaic conversion chain for supplying a 
load. In our case the load is a sensor or actuator node therefore requiring a direct 
current (DC). Thus, to ensure at any time a transfer of the maximum power 
available at the PVG level to the load, we used a technique which consists in in-
serting an adaptation stage between the PVG and the load. This adaptation stage 
consists of a static DC-DC converter controlled by a PPM tracking mechanism, 
“Maximum Power Point Tracking” (MPPT) as shown in Figure 4. 

However, with this configuration, although the maximum power is transmit-
ted, it does not offer any autonomy for the charge. So, we need a storage device 
that will allow the load to have some autonomy. For this, we have chosen to use 
supercapacitors, which we will come back to later. One of the disadvantages of 
using supercapacitors for our application is that their output voltage depends on 
their state of charge. While the load of our application needs a fixed 3.3 V power 
supply. To overcome this constraint, we also decided to insert a 3.3 V Buck-Boost 
regulator with very good efficiency in order to maintain a fixed supply voltage of 
the load to 3.3 V. 

Thus, the complete system that we propose is presented in Figure 5. It includes a  
 

 
Figure 4. Block diagram of a photovoltaic system with converter (DC/DC) controlled by 
a control (MPPT) to charge (DC). 

 

 
Figure 5. Architecture of the proposed energy management system. 
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photovoltaic generator (PVG), a static converter (DC-DC), an MPPT controller, 
a supercapacitor pack and a Buck-Boost regulator. 

With this new configuration, part of the recovered energy is used to supply the 
load via the regulator. The other part is stored in supercapacitors allowing the ap-
plication to have autonomy in the event of a brief absence of solar radiation. 

3.1.1. The DC-DC Converter 
The static converter we use is a chopper. It can control the transfer of energy be-
tween a continuous electrical source and a continuous electrical load with flexibil-
ity and high efficiency. This energy control is obtained through the use of a switch 
controlled in opening and closing (MOSFET transistor, bipolar transistor, tristor). 

Three types of choppers are mainly used in photovoltaic adaptation, the 
booster chopper (boost), the chopper Buck and the chopper buck-boost. In our 
case, a small-sized PVG (similar to the dimensions of wireless sensor nodes) is 
used to supply the sensors. We assume from these dimensions that the voltage at 
the maximum power point is less than the supply voltage of the sensor node. So 
here, the DC-DC converter will be a Boost Chopper. Its role is to convert the DC 
input voltage (VPV) to another DC output voltage (Vboost) of greater value. This 
allows the sensor and the power supply circuit to be supplied or the supercapa-
citors to be recharged (with a maximum voltage of 5 V). Figure 6 represents the 
equivalent electrical circuit of the converter. 

The relation between the output voltage and the input voltage is given by Eq-
uation (5). This relation follows from the modelling of the operating principle of 
a Boost chopper. 

1
e

s
V

V
α

=
−

                          (5) 

With α a value between 0 and 1, is the fraction of period during which the 
transistor conducts. 

3.1.2. MPP Pursuit Techniques 
The sunshine and temperature variations require a continuous adjustment of the 
maximum power point (MPPT) of the PVG. This adjustment makes it possible 
to extract the maximum power from the PVG at all times. To achieve this function, 
several MPPT algorithms have been developed. We cite here those which are the 
most used, they are in particular: commands “Perturb & Observe (P & O)”,  

 

 
Figure 6. Equivalent circuit of the booster chopper. 
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increment of conductance (IncCond), “Hill Climbing” and those based on rela-
tions of proportionality (Fraction of VOC and Icc). These algorithms differ accord-
ing to the type of electronic implementation (analog, digital or mixed), the input 
and output parameters of the MPPT command and the types of calculations they 
perform [7]. More recently, artificial intelligence techniques are used more and 
more, in particular fuzzy logic but also neural networks. In our study, we consider 
the perturb and observe (P & O) command. This is the command most used in 
MPPT research because of its simplicity of implementation. However, it has 
drawbacks, notably its slow convergence during a sudden change in irradiation 
and its permanent oscillations around the MPP. 

Thus, to optimize the performance, we chose to combine it with the technique 
of fuzzy logic. This method combining the P & O technique and fuzzy logic is 
presented below. 

Artificial Intelligence Techniques for the MPPT 
The disadvantages of using the P & O technique alone have opened up other 

tracks for MPP research. Among these avenues, artificial intelligence (AI) tech-
niques are increasingly occupying a privileged position. Indeed, although they 
are old techniques and their use in the research of MPP, recent, they provide 
better results [8] [9]. Of these AI techniques, artificial neural networks [10] [11] 
and fuzzy logic are the most used in this MPP research. 

MPPT with the P & O control adapted to fuzzy logic 
The technique we used is an adaptation of the P & O method to the FL. It uses 

the data (ΔPPV(k) and ΔVPV(k)) provided by the P & O method (Figure 7) to de-
termine the two inputs of the fuzzy logic control. The inputs are on the one hand 
the errors e(k) (Equation (6)) and on the other hand Δe (Equation (7)) as shown 
in Figure 8. 

( ) ( )
( )

PV

PV

P k
e k

V k
∆

=
∆

                        (6) 

( ) ( )1e e k e k∆ = − −                       (7) 

The flowchart of this technique is shown in Figure 9. For the fuzzy logic 
block, we use five fuzzy variables for input and output. These fuzzy variables are: 
Negative Big (NB), Negative Small (NS), Zero (ZE), Positive Small (PS) and 
Positive Big (PB) (Figure 10). 

To determine the output of the technique as represented in Figure 10, the in-
puts (e(k) and Δe) are first converted into linguistic variables (fuzzification) then 
the linguistic variable of the output is obtained by searching in a database of rule 
(Table 1), Mamdani's fuzzy inference system is used. Finally, the defuzzification 
is used to determine the numerical value of ΔD we used for that the method of 
the centre of gravity. 

4. Modelling and Simulations of the Energy Recovery Circuit 

For the validation of our energy recovery system, in particular the adaptation 
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part with a command combining P & O techniques and fuzzy logic (FL), we have 
developed and simulated the model for wireless sensors (Figure 11 and Figure 
12). The modelled solar panel, supplied at the point of maximum power (MPP) 
a power of PMPP = 3.75 Watts with VMPP = 2.5 Volts. The excess power is the 
losses at the component level. The VMPP voltage is the input voltage of the 
Booster and the 3.3 Volts regulator. For the simulation, we determined the pa-
rameters of the Booster (2.5 V/5 V), in particular the input and output capacities 
by Equation (8) and the inductance of the coil by Equation (9) [12] [13] [14]. 

 

 
Figure 7. Flowchart of the Perturb & Observe (P & O) method. 

 

 
Figure 8. Diagram blocks of the fuzzy logic part. 
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Figure 9. Flowchart of the P & O technique adapted to fuzzy logic. 
 

 
Figure 10. The input and output variables of membership functions. 

 
Table 1. Rules of the P & O technique adapted to fuzzy logic. 

E\ΔE N ZE PS P PB 

N ZE PS P PB PB 

ZE ZE ZE PS P PB 

PS N ZE ZE PS PS 

P N N ZE ZE PS 
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Figure 11. Adaptation circuit (Booster) simulated with a P & O control. 
 

 
Figure 12. Adaptation circuit (Booster) simulated with a P & O control adapted to the LF. 
 

min 2
Booster

BoosterL s

VC
R f V
α

=
× × ×∆

                    (8) 

min 2
MPP

pv s
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α
=

×∆ ×
                       (9) 

With BoosterV∆  and pvI∆  being respectively the ripple of the booster voltage 
and the ripple of the current in the inductor (we chose a 10% value). Resistor RL 
represents the load and fs the chopper switching frequency. 

The simulation results under standard conditions (irradiation 1000 W∙m−2 at 
25˚C) are given in Figure 13. These results show on the one hand that the two 
techniques used follow the voltage at the MPP of the solar panel well. The 5 V 
DC voltage indicates that our matching circuit is playing its role as a voltage 
booster. 

The results show on the other hand, that the P & O technique adapted to the 
FL is more efficient than the classic P & O technique in terms of temporal re-
sponse. Indeed, the adapted fuzzy logic gives a relatively faster response with a 
shift of 30.939 milliseconds compared to the conventional P & O technique. This 
adapted technique also turns out to be the most stable in terms of oscillation  
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Figure 13. Results of simulations with classic P & O commands and P & O combined 
with LF. 

 
around the MPP, mainly because of the intermediate and non-binary values that 
the fuzzy logic variables use. 

5. Storage of Recovered Energy 

The sensor nodes that we want to power need constant and continuous voltage 
and power. However, the solar energy recovered by our photovoltaic generator is 
dependent on weather conditions (sunshine, temperature, etc.) and is therefore 
not stable. Hence the need for an energy storage system to ensure the continuity 
of the power supply if a brief absence of irradiation occurs. 

In our study, we considered supercapacitor technology for storing recovered 
solar energy. We chose this technology because it is notably the most recent with 
a better lifespan [15] [16]. It is less bulky but also with temperature ranges better 
suited to our environment. However, supercapacitors are limited by the maxi-
mum voltage of a cell which is around 2.7 V in a fully charged state. To over-
come this limitation, the supercapacitors are typically connected in series to in-
crease voltage (these are the packs of supercapacitors). 

5.1. Supercapacitor Modelling 

We chose to study the supercapacitor the first order model (a branch) [17]. This 
model is also called a constructor model because it is also offered by the manu-
facturers. It is identical to the model of the electrolytic capacitor. With this 
model, a supercapacitor is represented by a simple RC circuit (Figure 14), R 
represents the equivalent series resistance reflecting the losses by Joule effect in 
the supercapacitor and C its main capacitance. This model does not take into 
account the influence of the charge voltage on the capacitance of the component 
or the phenomenon of redistribution of internal charges in the supercapacitor. 

The equivalent series resistance (or ESR), can be determined by means of a 
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single test, a charge or discharge of the cell (the elementary supercapacitor to be 
used) at constant current. Indeed, the effect of this resistance is manifested by a 
voltage drop that appears when the current flows (Figure 15). Thus, the ESR can 
be calculated by measuring the voltage drop across the cell when applying a direct 
current (e.g. discharge) [16] [18]. The resistance value is given by Equation (10). 

ESR
ESR

d

U
R

I
∆

=                         (10) 

As for the capacity C, it is estimated by considering the evolution of the volt-
age during a given time during a discharge or a charge always at constant cur-
rent. For a discharge its value is given by Equation (11) [16] [18]. 

c
d

sc

t
C I

U
∆

=
∆

                        (11) 

Measures of work on the supercapacitor PC10 (10F; 2, 5V) of Maxwell [19] 
give us an overview of the variation of parameters (R and C) depending on the 
temperature (Table 2). 

5.1.1. Modelling of the Supercapacitor Pack (SC Pack) 
The SC pack is a combination of Ns and/or Np supercapacitors connected respectively 

 

 
Figure 14. First order supercapacitor model. 

 

 
Figure 15. Estimation of the ESR and the capacity of a supercapacitor [20]. 

 
Table 2. The R and C parameters of the PC10 supercapacitor. 

Temperature (˚C) −50 −40 −20 0 25 40 60 80 100 

Ohmic drop (Ohm) 0.353 0.349 0.196 0.176 0.156 0.146 0.138 0.140 0.135 

Capacitance (Farads) 8.152 8.809 8.913 9.250 9.251 9.175 9.191 9.145 9.140 
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in series and/or in parallel [20]. Still following our choice of base model, this SC 
pack is modelled by an equivalent resistor called pack resistor (Rpack) in series 
with an equivalent capacitance (Cpack) as shown in Figure 16. 

Thus, using Figure 16, we can calculate the resistance and the overall capacity 
of the pack (Rpack and Cpack) as well as the voltage at the terminals of Cpack and the 
intensity of the pack (VC and Ipack) by Formulas (12)-(15). 

p
pack sc

s

N
C C

N
=                         (12) 

s
pack ESR

p

N
R R

N
=                        (13) 

pack s scV N V=                         (14) 

pack p scI N I=                         (15) 

The energy and the power of the SC pack are given respectively by the two 
Equations (16) and (17). 

2 21 1
2 2pack pack pack p s sc scE C V N N C V= = ⋅ ⋅ ⋅               (16) 

( )2
pack pack pack pack pack p s sc sc ESR scP V I R I N N V I R I= − = ⋅ −         (17) 

Knowing the elementary parameters (R and C), we can determine for this 
model the number of supercapacitors Nsc (Equation (18)) necessary to provide a 
given power (Pack-useful) by considering Equations (12)-(15). 

-
2 2

2
1

util pack
sc p s

sc sc

E
N N N

k C V
= =

−
                  (18) 

To make a compromise between a limited number of supercapacitors due in 
particular to the requirement of IoT on the size and a fairly long supply time to 
the brief absence of solar energy, we have developed a model of the pack super-
capacitor. So, since we are using the RC model, the R and C parameters of the  

 

 
Figure 16. Model of a pack of supercapacitors. 
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Figure 17. Model of the supercapacitor pack for 3-watt discharge. 
 

Table 3. Discharge time at 3 watts depending on the number and assembly of supercapacitors. 

Nsc 1 2 4 6 8 10 3 

Np 1 1 2 3 4 5 1 

Ns 1 2 2 2 2 2 3 

Cpack (F) 8.15 4.08 8.15 12.23 16.30 20.38 2.72 

Rpack (Ω) 0.35 0.71 0.35 0.24 0.18 0.14 1.05 

Vpack (V) 2.5 5 5 5 5 5 7.5 

Tdischarge (s) 1 9 25 39 55 69 15 

 
supercapacitor pack can be determined. These values determined, are used in 
our model to simulate the discharge time to three watts depending on the num-
ber of supercapacitor (Figure 17) in series and/or parallel (Ns.Np = Nsc). 

For reasons of optimal sizing, the lowest capacity of a cell (Csc) is considered 
(Table 3) for the simulation. Also, our sensor needs a low voltage node around 
3.3 V so the great tensions of the supercapacitor pack will not be considered. The 
results of the simulation at 3 watts, with the RC model whose modelling equa-
tions are given by (11)-(17), are reported in Table 3. 

6. Conclusion 

In this paper, we designed and simulated a solar energy recovery and storage 
system for powering wireless sensors. To achieve this, we have modelled each 
part, namely the solar panel, the adaptation circuit in which we used the disturb 
and observe command combined with the fuzzy logic for the search for the MPP 
and finally the supercapacitor for the storage of energy. The simulation results 
show that the control we used gives a better timing response than the traditional 
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P & O control. The results also give the discharge time at 3 watts (required to 
power the wireless sensor) depending on the number and assembly of superca-
pacitor cells. 
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