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To achieve these objectives, we will group this paper into two
main parts. In the first part, we will model mathematically and
then under the Matlab / Simulink environment the PV modules,
lithium-ion batteries and lead-acid considering parameters such
as: irradiation and temperature. The second part will consist of
presenting and comparing the obtained results.

Abstract
Li-ion and acid lead batteries are usually used as storage
technologies in small-scale stand-alone photovoltaic systems
(less than 10 KWc). Their electrochemical behaviors are at the
origin of generations of heat during their uses. In this paper, the
modeling of a photovoltaic system is made in the Matlab/
Simulink environment using respectively the lithium-ion and
lead-acid batteries as storage devices. The PV generator
supplies a load for which daily requirements are estimated at
1000 Wh. We compared the behavior of both types of batteries
under the influence of the state of charge and climatic
parameters such as the temperature and irradiation. At the end
of this comparison, it appears that the internal voltage and
temperature of the lithium-ion battery are more stable than
those of the lead-acid battery.

II. MATERIAL AND METHOD
II. 1. Modeling of a field of photovoltaic modules
A photovoltaic cell is a device that allows the transformation of
solar energy into electrical energy. Three mechanisms make
this transformation possible: the absorption of photons, the
conversion of photon energy into electrical energy and the
collection of particles generated in the device. A PV cell can be
schematized by a current generator (Iph) in parallel with a
diode. The output current I is obtained by applying the
Kirchhoff's law [2-5]:

Keywords: Solar photovoltaic, Module, Lithium Ion battery,
Lead Acid battery, Comparison, Matlab / Simulink.

𝐼 = 𝐼𝑝ℎ − 𝐼𝑑

I. INTRODUCTION

(1)

where 𝐼𝑝ℎ is the photocurrent and 𝐼𝑑 represents the current of
the diode which is proportional to the saturation current. It is
given by the equation 2:

In the context of current climate change, renewable energies,
especially photovoltaic solar energy, are a good alternative to
conventional energies. The absence of pollution and more or
less the availability of the solar radiation during the year in the
four corners of the globe encourage its development. However,
the intermittency of the solar energy does not allow to use it use
permanently.

𝐼𝑑 = 𝐼𝑠 ⌊𝑒𝑥𝑝 (

𝑞𝑉
𝑛𝑘𝐵 𝑇

) − 1⌋

(2)

The current delivered by an ideal PV cell is then represented
according to equation 3:

Therefore, the storage of energy appears as a possible solution
to promote the insertion of the solar photovoltaic energy
fluctuating, to improve the energy efficiency and provide the
flexibility to energy systems. However, we notice that the
majority of photovoltaic installations in the Sahelian band
breaks down for most of the time and degrades very quickly
during their operation. These failures are usually due to the fact
that the storage devices used are not appropriate to the climatic
conditions of the Sahelian zone or to the load.

𝐼 = 𝐼𝑝ℎ − 𝐼𝑠 ⌊𝑒𝑥𝑝 (

𝑞𝑉
𝑛𝑘𝐵 𝑇

) − 1⌋

(3)

with: 𝐼𝑠 the opposite saturation current of the diode; q, the
charge of the electron (1.6 × 10−19 𝐶); k, the Boltzmann
constant (1.38 × 10−23 𝐽/𝐾); n, the ideality factor of the diode
(1 <n <2); T, the temperature of the junction in K; 𝐼𝑑 , the
current flowing in the diode; I, the output current, and V the
output voltage.
Considering the various restrictive factors such as contact
resistances and ohmic losses, we must associate to the
equivalent diagram a serie resistance (Rs) and a parallel
resistance (Rp) [6, 7]. The electrical model of a cell is illustrated
in Figure 1.

In order to determine storage technologies appropriated to PV
systems, a study has already been conducted by Korsaga and al
[1]. At the end of this study, it appears that lithium-ion and leadacid batteries are suitable for a small-scale PV application in
the Sahelian zone. In this work, it will be a question to choose
between the lithium-ion battery and the lead-acid battery by
considering the real climatic conditions of the Sahelian zone
(high temperature and irradiation) which one will be the best
adapted to the sahelian band in an autonomous photovoltaic
application.
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Ns the number of cells in series in a branch and Np the number
of branches in derivation, equation (4) becomes [10]:

𝐼 = 𝑁𝑝 . 𝐼𝑝ℎ − 𝑁𝑝 . 𝐼𝑠 [𝑒𝑥𝑝 (

𝑞(

𝑉 𝐼.𝑅𝑠
+
𝑁𝑠
𝑁𝑝

)

𝑛𝑘𝐵 𝑇

− 1)] − 𝑁𝑝 ⌊

𝑉 𝐼.𝑅𝑠
+
𝑁𝑠 𝑁𝑝

𝑅𝑠ℎ

⌋ (5)

with:
𝐼𝑝ℎ = (𝐼𝑝ℎ,𝑛 + 𝐾𝑖 . ∆𝑇)
𝑇

𝑇

𝑞(𝑉+𝑅𝑠 𝐼)

𝑉+𝑅𝑠 𝐼

𝑛𝑘𝐵 𝑇

𝑅𝑠ℎ

) − 1⌋ − ⌊

⌋

(6)

𝑞𝐸𝑔

(

1

𝑛𝑘𝐵 𝑇𝑛

1

− )]
𝑇

(7)

where, 𝐼𝑝ℎ,𝑛 is the photo-current under Standard Test
Conditions (STC); 𝐺 solar irradiation (W/m2); 𝐺𝑛 = 1000 𝑊/
𝑚2 G; 𝐸𝑔 the energy of the forbidden band (gap) of the
semiconductor (in eV) and 𝐼𝑠,𝑛 , is the nominal saturation
current (A).

Equation (3) becomes [8, 9] :
𝐼 = 𝐼𝑝ℎ − 𝐼𝑠 ⌊𝑒𝑥𝑝 (

3

𝐼𝑠 = 𝐼𝑠,𝑛 ( 𝑛 ) exp [

Figure 1: Electrical diagram equivalent to a diode of a
photovoltaic cell

𝐺
𝐺𝑛

(4)

Therefore, from Equation (5), we establish the Simulink model
of the photovoltaic generator in which, the irradiation and the
temperature represent the input parameters; the intensity,
voltage and power represent the output parameters (Figure 2).

The electrical characteristics of a single cell are generally
insufficient to power the electrical equipments. It is necessary
to associate the cells in series and in parallel in order to obtain
respectively more important voltage and current. Considering

Figure 2: Simulink model of a PV module

The general equation for the used battery model is the
following equation [12, 13]:

II.2. Modeling of the storage system
A battery is made up of a set of elements of 2V connected in
serie to obtain the desired operating voltage. The batteries
convert chemical energy into electrical energy and vice versa
[11].

𝑉 = 𝐸𝑜 − 𝐾

𝑄
𝑄−𝑖𝑡

𝑖𝑡 − 𝐾

𝑄
𝑄−𝑖𝑡

𝑖−𝑅∙𝑖+𝐶

(8)

Where V: is the actual battery voltage (V), 𝐸𝑜 : the battery
constant voltage (V), K : the polarization resistance (Ω), Q : the
battery capacity (Ah), it : the actual battery charge (Ah), R : the
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where SOC0 is the initial SOC, i represents current and 𝛼 𝑈 is
usable capacity.

battery internal resistance (Ω), i : the actual battery current (A),
C : the exponential voltage (V), A : the exponential zone
amplitude (V) and B : the exponential zone time constant
inverse (Ah-1).

Figure 3 represents the Simulink model of the generic model of
a battery whose current represents the input parameter; the
voltage and state of charge represent the output parameters of
the battery. An oscilloscope allows visualizing these different
parameters.

The state of charge (SOC) of a battery is given by equation (2)
[14-16].
𝑆𝑂𝐶 = 𝑆𝑂𝐶0 − ∫

𝑖∗100
𝛼 𝑈 ∗3600

𝑑𝑡

(2)

Figure 3: Simulink model of a battery

The exponential zone amplitude A, the exponential zone time
constant inverse B and polarization resistance K should be

calculated from the discharge curve of the battery [12]. The
necessary parameters for calculations are shown on figure 4.

Figure 4: Typical discharge characteristic curve of battery
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- Charge (𝑖 ∗ < 0)

We obtain the following equations from figure 4:
A = Vfull − Vex
𝐵=

(9)

3

𝑉𝑓𝑢𝑙𝑙 −𝑉𝑛𝑜𝑚 +𝐴[exp(−𝐵∗𝑄𝑛𝑜𝑚 )−1]∗(𝑄−𝑄𝑛𝑜𝑚 )
𝑄𝑛𝑜𝑚

𝑉𝑛𝑜 = 𝐸0 − 𝐾

𝑄
𝑄−𝑄𝑒𝑥
𝑄
𝑄−𝑄𝑛𝑜

−3

𝑄𝑒𝑥

∗ (𝑄𝑛𝑜 + 𝑖) − 𝑅 ∗ 𝑖 + 𝐴𝑒𝑥𝑝(

−3

𝑄𝑒𝑥

𝜕𝐸

𝐸𝑜 (𝑇) = 𝐸𝑜 ∣ 𝑇𝑟𝑒𝑓 +

(12)

𝐾(𝑇) = 𝐾 ∣ 𝑇𝑟𝑒𝑓 ∙ exp[𝛼 ( −

𝜕𝑇

∙ 𝑖𝑡 + 𝐴 ∙

(𝑇 − 𝑇𝑟𝑒𝑓 )

Δ𝑄
Δ𝑇

1

1

𝑇

𝑇𝑟𝑒𝑓

(20)

)]

(21)

(𝑇𝑎𝑚 − 𝑇𝑅𝑒𝑓 )
1

1

𝑇

𝑇𝑟𝑒𝑓

𝑅(𝑇) = 𝑅 ∣ 𝑇𝑟𝑒𝑓 . exp[𝛽( −

(22)

)

(23)

𝑐 : the nominal discharge curve slope (V/Ah).

(13)

∗ (𝑄𝑒𝑥 + 𝑖) − 𝑅 ∗ 𝑖 + 𝐴𝑒𝑥𝑝(

𝑄(𝑇𝑎𝑚 )
𝑄(𝑇𝑎𝑚 )−𝑖𝑡

(19)

(11)

The voltage constant (𝐸𝑜 ) is deducted from the fully charged
voltage (𝑉𝑓𝑢𝑙𝑙 ) [17]:

𝑉𝑒𝑥 = 𝐸0 − 𝐾

∙ 𝑖 ∗ − 𝐾(𝑇) ∙

with:

𝑄(𝑇𝑎𝑚 ) = 𝑄 ∣ 𝑇𝑎𝑚 +

𝐸𝑜 = 𝑉𝑓𝑢𝑙𝑙 + 𝐾 + 𝑅. 𝑖 − 𝐴

𝑄(𝑇𝑎𝑚 )
0,1𝑄(𝑇𝑎𝑚 )+𝑖𝑡

exp(−𝐵 ∙ 𝑖𝑡) − 𝑅(𝑇) ∙ 𝑖 − 𝑐 ∙ 𝑖𝑡

(10)

𝑄𝑒𝑥

𝑉𝑓𝑢𝑙𝑙 = 𝐸0 − 𝑅 ∗ 𝑖 + 𝐴
𝐾=

𝑉(𝑇) = 𝐸𝑜 (𝑇) − 𝐾(𝑇) ∙

∗ 𝑄𝑒𝑥 ) (14)

B. Modelling of lead acid batteries

∗ 𝑄𝑛𝑜 ) (15)

The discharge and charge of an acid lead acid battery can be
mathematically modeled thanks to the following equations
[12]:
- Discharge (𝑖 ∗ > 0)

Existing types of batteries are lead acid, lithium batteries,
nickel-based batteries, sodium-based batteries and metal- air
batteries. Between these types of batteries, lead-acid and
lithium-ion batteries are the most suitable and most widely used
as storage devices in stand-alone, small-scale PV system
applications [1, 18].

𝑉 = 𝐸𝑜 − 𝐾

𝑄
𝑄−𝑖𝑡

𝑖𝑡 − 𝐾

𝑄
𝑄−𝑖𝑡

𝑖 ∗ − 𝑅 ∙ 𝑖 + exp(𝑡)

(24)

- Charge (𝑖 ∗ < 0)
𝑉 = 𝐸𝑜 − 𝐾

𝑄
𝑄−𝑖𝑡

𝑖𝑡 − 𝐾

𝑄
𝑖𝑡−0,1∙𝑄

𝑖 ∗ − 𝑅 ∙ 𝑖 + exp(𝑡)

(25)

A. Modeling of lithium-ion batteries

Equations 23 and 24 give Equations 25 and 27 when we
consider the temperature parameter.

Depending on the discharge and the load, a lithium-ion battery
can be modeled from the following equations [13, 14, 19]:

- Discharge (𝑖 ∗ > 0)

- Discharge (𝑖 ∗ > 0)

𝑉(𝑇) = 𝐸𝑜 (𝑇) − 𝐾(𝑇) ∙

𝑉 = 𝐸𝑜 − 𝐾

𝑄
𝑄−𝑖𝑡

𝑖𝑡 − 𝐾

𝑄
𝑄−𝑖𝑡

𝑖 ∗ − 𝑅 ∙ 𝑖 + 𝐴 ∙ exp(−𝐵 ∙ 𝑖𝑡)

𝑅(𝑇) ∙ 𝑖 − 𝐶 ∙ 𝑖𝑡

(16)

- Charge (𝑖 < 0)
𝑉 = 𝐸𝑜 − 𝐾

𝑄−𝑖𝑡

𝑖𝑡 − 𝐾

𝑄
𝑖𝑡−0,1∙𝑄

𝑉(𝑇) = 𝐸𝑜 (𝑇) − 𝐾(𝑇) ∙

∗

𝑖 − 𝑅 ∙ 𝑖 + 𝐴 ∙ exp(−𝐵 ∙ 𝑖𝑡) (17)

𝑖 + exp(𝑡) − 𝐶 ∙ 𝑖𝑡

From equations 13 and 14, we obtain the 15 and 16 when we
consider the temperature parameter [15, 19].

𝑅(𝑇) ∙ 𝑖 − 𝑐 ∙ 𝑖𝑡

(26)

𝑄(𝑇𝑎𝑚 )
𝑄(𝑇𝑎𝑚 )−𝑖𝑡

𝑄(𝑇𝑎𝑚 )
𝑄(𝑇𝑎𝑚 )−𝑖𝑡

𝑖𝑡 − 𝐾(𝑇) ∙

𝑄(𝑇𝑎𝑚 )
𝑖𝑡−0.1𝑄(𝑇𝑎𝑚 )

𝑖 ∗ − 𝑅(𝑇) ∙
(27)

The different mathematical formulations presented above,
allowed us to develop under the Matlab / Simulink
environment, the model of lead-acid battery, whose block
diagram is shown in Figure 5. The ambient temperature and the
charging current represent the input parameters. An
oscilloscope placed at the output of the accumulator makes it
possible to observe the current, the state of charge, the voltage
and the evolution of the internal temperature of the battery.

- Discharge (𝑖 ∗ > 0)
𝑉(𝑇) = 𝐸𝑜 (𝑇) − 𝐾(𝑇) ∙

∙ (𝑖 ∗ + 𝑖𝑡) + exp(𝑡) −

- Charge (𝑖 ∗ < 0)

∗

𝑄

𝑄(𝑇𝑎𝑚 )
𝑄(𝑇𝑎𝑚)−𝑖𝑡

∙ (𝑖 ∗ + 𝑖𝑡) + 𝐴 ∙ exp(−𝐵 ∙ 𝑖𝑡) −

(18)
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Figure 5: Simulink model of lead-acid battery

variable current and an almost constant voltage from the field
of PV modules. The simulation results are presented in graphs
5 and 6 of full cycles for 24 hours.
The comparison of figures 6 and 7 show that the internal
voltages of the two types of batteries increase with the intensity
of the charging current. However, we notice that the variation
of the internal voltage of lead-acid accumulators has a greater
amplitude (from 23.5 V to 25.5 V) than that of the lithium-ion
(from 23.5 V to 25.5 V). Also, it is observed that the internal
temperatures of the two batteries evolve very quickly during
the charging phases forming higher peaks for the lead-acid
battery (34 ° C) than the lithium-ion battery (25.5 ° C).
Therefore, the ambient temperature has an influence on the
internal voltages and temperatures of lithium-ion and lead-acid
batteries. In addition, comparing figures 6 and 7, we notice that
the temperature has a considerable impact on the lead-acid
battery than the lithium-ion.

III. SIMULATION AND RESULTS
For the simulations, we used a field of 300 Wc modules, a 130
Ah lithium-ion battery, a 130 Ah acid lead acid battery and
energy management systems. This photovoltaic generator
supplies a home whose daily needs are estimated at 1000 Wh.
The management systems make it possible to determine at any
moment the maximum power point of the field of PV modules
and above all, they play the role of supervision based on three
scenarios:
- if the solar energy is sufficient, the load and the battery
are fed by the PV modules;
- if the solar energy is insufficient, it is only the load that
is powered by the PV field;
- If the solar energy is absent, the load is supplied by the
storage device (battery).
All simulations were performed over a period of one day.
In this first section, we set the ambient temperature at 25 °C.
Each battery (lithium-ion and lead-acid) is powered by a

Figure 6: Influence of charge current on the charge state, internal voltage, and temperature
of a 130 Ah lithium-ion battery at an ambient temperature of 25 ° C.
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Figure 7: Influence of charging current on the charge state, internal voltage and temperature
of a 130 Ah lead-acid battery at an ambient temperature of 25 °C.

In this second section, we have considered the evolution of the
real weather parameters of the Sahelian zone (ambient
temperature and solar irradiation) over a period of 24 hours.
Figures 8 and 9 illustrate the influence of these parameters on
the lithium-ion and lead-acid accumulators.

increase of the ambient temperature. This increase of the
internal temperature is greater for lead acid batteries than that
of the lithium-ion batteries. Indeed, during the discharge (from
16h to 24h), the internal temperature of the lithium-ion battery
decreases faster than lead-acid.

On these figures, during the charging periods, we observe peaks
of the voltage and temperature on both types of batteries. Also,
the internal temperatures of the batteries increase with the

The evolution of the ambient temperature has less influence on
the voltage and internal temperature of lithium-ion batteries
than that of lead-acid.

Figure 8: Influence of ambient temperature and irradiation on the state
of charge, voltage and the internal temperature of a lithium-ion battery.
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Figure 9: Influence of ambient temperature and irradiation on the state
of charge, voltage and the internal temperature of a lead-acid battery.

At the end of these simulations, the increase of the internal
temperature of the batteries during the charging periods is due,
among others, to the heat generated by the battery itself and to
the influence of the ambient temperature. Indeed, there are two
terms of heat generation in the energy balance of an
electrochemical cell. The first is associated with the heat
generated by Joule effect, considered as irreversible, and the
second one is the generation of heat produced at the interface
between the electrolyte and the electrodes (electrochemical
reactions) considered to be reversible. The generation of heat is
greater in the lead-acid battery than lithium-ion due to the
presence of new compounds in the electrolyte during
electrochemical reactions.

perspective, an experimental study would be necessary to
validate the obtained results.
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