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Abstract: In order to optimize a battery-storage photovoltaic system, a continuously exploit the maximum power
which can be generated by the photovoltaic generator under different meteorological conditions is necessary. This
exploitation overcomes the problem of mismatching between the photovoltaic generator and the load (battery), which
their characteristics are nonlinear. In this paper, we present optimum system storage of energy from a photovoltaic
generator to a battery. This transfer is ensured by two main compartments used in this energy-storage photovoltaic
system: The first one isthe MPPT digital approach where we use the least squares method and the polynomial
interpolation method. The second is the adaptator of power based on an average model of a DC/DC buck converter,
which is employed to overcome the long-term simulation problem and the effects of states of charge of battery.The
high performance and the effectiveness of this average model DC/DC converter and also this new numerical control
method are simulated through the Matlab Simulink software, in order to best optimization of automatic charging
system during a real irradiation day.

Keywords: Average model DC-DC buck converter, Least squares method, Polynomial interpolation method, Lead
acid battery.

1. INTRODUCTION

The reduction of greenhouse effect, generated by fossil fuels, motivates many scientists to have recourse the
renewable energies not polluting. Among these energies one finds this photovoltaic (PV) whose electrical energy
is produced by PV panels [1, 4, 12].

However, two principal constraints constrain the operation of these systems. The first is the solar cell
conversion efficiency which does not exceed of the received energy.The second concern the critical interactions
between the sources and load (batteries) which are nonlinear. This nonlinearity is caused by the instability of
irradiation along a day because of variable weather conditions andalso the nonlinearity of the characteristic of
electrochemical storage battery [3].

In the literature a few results concerning the interaction between the photovoltaic sources and loads as well
as the optimization of the photovoltaic energy storage system are developed. Particularly, in [6] the author has
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treated the solar array as a current source; it has tracked the maximum power points to optimize the operation of
the system. The principle of energy conservation was used in this work and it was implemented in a digital signal
processor. The experimental results showed an excellent performance but he hasn’t developed a battery model
able to have a real dynamics of energy storage system.In paper [7], the author focused on the control of battery
charging evolution without considering the effects of irradiation instability on the dynamic operation of the
system.

This research will be divided into three axes. Firstly, the effects of the irradiation on the performance of the
power solar generation are developed. Secondly, tow new numerical methods where used in this research to
improve the impact of unbalanced climatic conditions on the dynamic behavior of the system. At a first step we
maintain a constant temperature and variable irradiation; in this case we used the digital least square method. In
second step both temperature and irradiation are variables, in this case we used the multivariateinterpolation
polynomial witch based on Lagrange’s numerical method. A comparative studies between these both numerical
methods where developed. Thirstily, we discuss the topology of the power interface used in order to transfer of
the power generated by photovoltaic array to the battery along a day. Also the dynamic battery model will be
offers (Electrochemical load).

Finally, the simulations results during a real day describe the behaviour of our energy-storage photovoltaic
system under unbalanced climatic conditions

2. DESCRIPTION AND MODELING OF THE BATTERY STORAGE PHOTOVOLTAIC
SYSTEM

In this research, the battery-storage photovoltaic system is composed by these following subsystems:

• A PVG constituted with solar cells in series

• Variable controller of tracking power point maximal (MPPT)

• DC/DC converter

• Battery model

However, this system is given by Fig. 1

Figure 1: Diagram of the photovoltaic battery-storage system
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These following sections detailed the modeling and characteristics of each subsystem of battery-storage
photovoltaic system.

2.1. Photovoltaic Generator Modeling

The electrical model and parameters of solar cell are illustrated in Fig 2. This model is simulated using Matlab-
Simulink Software.

Figure 2 : Photovoltaic cell equivalent circuit

The relationship between the PV cell output current and voltage is given by equation 1.
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Where Ip and Vp is the output current and output voltage of a solar cell, respectively, Iph is the generated
current under a given irradiation;is the reverse saturation current of the diode, Vp = n � Kb � T/q is the
thermodynamic potential of the cell.

Where q is the charge of an electron; K is the Boltzmann’s constant; n is the ideality factor for a p-n
junction; T is the temperature of a solar cell (°K).

Conceptually, photovoltaic cells are grouped together in order to form solar array. The relationship between
the PV array output current and voltage is given by equation 2.

exp ( ) 1 ( )
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Where Lpv = Np � Ip is current delivered by the cells of parallel generators; is the voltage produced across
the photovoltaic generator composed toseries cells.

In the following table are shown the characteristics of PV panel brand used in our work.

Table 1
Photovoltaic Module Parametres

Popt = 135 Wc Iopt = 7,39A Vopt = 17,6V

VCO = 21,9V ICC = 8,02 A Ns = 72 Cells
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2.2. Maximum Power Point Tracking Algorithms

Bothvariables, voltage and current of the photovoltaic generator can represent the maximum power point (MPP).
The photovoltaic voltage is a preferable control variable because [8]:

• The temperature range variation of the photovoltaic cell is very limited

• The irradiation variation significantly affect the photovoltaic cell current, however this irradiation
doesn’t have impact on voltage cell.

Many maximum power point tracking techniques for photovoltaic system have been developed to
maximize the produced energy and a lot of these are well established in the literature. Starting with simple
techniques as the perturbation and observation (P&O) technique or the incremental conductance, Recently,
FLC has been introduced in the tracking of the MPP.They have the advantage of being robust and relatively
simple to design and also they do not require a complete knowledge of the operation photovoltaic system by
any designers [9].

These recommended numericalMPPT controls used in this research are developed on the following
sections.

2.2.1. Least Squares Mppt Method

The least squares method is used to simulate our system at constant temperatureand variable irradiation.The
variation of the irradiation during a day is illustrated by the following figure.

Forparticular irradiation points, we have determined the values of maximum powers, as well the
corresponding optimum voltages of the GPV. These values are illustrated in the following table.

Fig 3 shows the effect of the illumination on characteristic Vpv = f (Ppv) of our photovoltaic generator

Figure 3: Variation of the GPV power and voltage, for different values of the illumination at fixed temperature
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Table 2
Parametres of Generator to Particularirradiations

Irradiation (W/m²) Voltage of the Max Power of the
GPV (V) GPV (W)

1000 18.58 135

980 18.61 134

950 18.51 129.6

900 18.46 122.2

850 18.29 114.9

800 18.37 107.5

750 18.3 100.3

700 17.99 93.03

650 18.12 85.73

600 17.84 78.68

550 17.67 71.58

500 17.49 64.53

450 17.43 57.53

400 17.32 50.59

350 17.32 43.74

300 17.09 36.97

250 16.55 30.29

200 16.25 23.73

150 16.01 17.29

100 15.18 11.08

50 14.3 5.15

The following equations which manage the least squares MPPT approach are given as follows

Figure 4: Variation of the illumination during a day in Tunis (Tunisia) on 05 April 2012 [1, 12]
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Where: n is the degree of polynomial and are these constants of polynomial and dopt is the optimal duty cycle.The
resulting fits of the curves characteristic of GPV using thismethod are displayed by the following

Figure 5: Trajectory of maximum power point of the photovoltaic generator

2.2.2. Lagrange’s MPPT Algorithm

For polynomial interpolation techniques, we can find many methods, namely the Vandermonde’s method,
Lagrange’s polynomial method, and the Newton’s polynomial method.

We shall examine the Lagrange’s method to study the interpolation polynomial whose coefficients are
determined by means of the Vandermonde’s matrix [10], [11]. We shall concentrate on the bivariate polynomials
which have the following general form:

,
,

( , ) i j
i j

i j

P x y a x y�� (5)

Where

0,......, ,i n� �
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The coefficients of the bivariate polynomial a = (aj) j = 0, ....., n are determined by the Vandermande’s
matrix.

x, y are the variable of this system.

The bivariate polynomial is used for simulation of the system where bothirradiation and temperature
variable.The variations of the irradiation and temperature during a day are illustrated by Figs. 4 and 6.

Figure 6: Variation of the temperature during a day in Tunis (Tunisia) on 05 April 2012 [12]

The Matlab software allows us to have the ( * )n n Vandermonde’s matrix by evaluating the n terms at each
of the n points. It also allows determining the coefficients of the polynomial which are written in the following
table.

Table 3
Coefficients of the Vandermande’s Polynomial Interpolation

C1 = 10–4 C2 = –52*10–4 C3 = 845*10–4

C4 = –9*10–5 C5 = 21*10–4 C6 = –1092*10–4

C7 = 6 * 10–5 C8 = 38*10–4 C9 = 6002*10–4

The resultant polynomial interpolation is described by this following equation:

2 2 2 1 2 2( , )  * * - * *  C *  - * *1 2 3 4
2* * - * * C *5 76 8 9

d E T C E T C E T E C E T

C E T C E C T T C

� �

� � � � (5)

2.3. DC/DC Converter Model

In stand-alone photovoltaic power systems, the output voltage is effectively a constant DC bus due to the slow
dynamics of the batteries [8]. Fig.7 presents the topology of the battery storage photovoltaic system
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The buck converter operates as the power interface between the photovoltaic module and load (battery). Ts
and d denotes respectively the switching period and the controlled duty cycle.Fig.8 shows the control signals of
the switch SW

Figure 7: Topology of the energy storage system

Figure 8: Switch waveform of the converter

There are two stages, first SW = 1 and second  SW = 0

2.3.1. Average Model of DC/DC Converter

To model the converter we choose two state variablesincluding capacitor voltage ( )Vbat t  and inductor current ( )iL t .
The system state space representation is

x A x B u

y C x D u

� �

� �

�

(7)

Where: u is the input vector, y is the output vector and x is the status variables vector. [iL, Vbat]T, u = Vpv
and y = V bat

• During the first stage [0 , dT] the equivalent systemtopology is as follows
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If we apply Kirchhoff’s law
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In this interval, the state space representation is
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• During the second stage [dT, T], the equivalentsystem topology is as follows:

Figure 9: Equivalent circuit (stage 1)
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If we apply Kirchhoff’s law

d i V batl
d t l

�� (12)

IPVI bat
d

� (13)

Spaces of states of the matrix are written as following equation 14.
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Figure 10: Equivalent circuit (stage 2)
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Finally, the averaged model state equation obtained is the following
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2.3.2. Dynamic Reponse of the DC/DC Converteraverage

The elaborated model is simulated by Matab/Simulink with the following parameters

Table 4
Simulations Parametrs

Vpvopt = 17,6V

For E = 1000W / m2 and T = 298 °K

Vbat = 12V,     C = 55 µF,     L = 120 µH,     D = 0.68

Fig. 11 Shows the dynamic behaviour of the converter when a change of illumination occurs. We notice
that the output voltage of the DC/DC converter requires 10 seconds to stabilize. This result allows us to discern
that this converter presents a high-precision.

Figure 11: Temporal response of the average back converter
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2.4. Battery Model

A parameterized dynamic model used to represent most popular type of rechargeable battery [6]. The equivalent
circuit of the battery is shown below

Figure 12: Battery model lead acid type

The relationship governing the charging and discharging of this battery are given by next equations

• Discharge Model *( 0)i �

( )* * 1( , , , ) 01 0 ( )
Exp sQ Qf it i i Exp E K i K it Laplace

Q it Q it Sel s
� �
� �
� �� �
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• Charge Model *( 0)i �

( )* * 1 1( , , , )2 0 0,1 ( )
Exp sQ Qf it i i Exp E K i K it Laplace sit Q Q it Sel s
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Where:
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Ebat  = Nonlinear voltage ( )V , 0E = Constant voltage ( )V

( )Exp s = Exponential zone dynamics ( )V

( )Sel s = Represents the battery mode. ( ) 0Sel s �  during battery discharge, ( ) 1Sel s � during battery

charging

K = Polarization constant 1( )A h�  or Polarization resistance ( hm )O s

i* = Low frequency current dynamics ( )A , i = Battery current ( )A , it = Extracted capacity ( )A h

Q = Maximum battery capacity ( )A h

A = Exponential voltage (V)

B = Exponential capacity 1( )Ah�

The parameters of the equivalent circuit can be modified to represent a particular battery type, based on its
discharge characteristics. A typical discharge curve is composed of three sections, as shown in the fig.13. The
first section represents the exponential voltage drop when the battery is charged. Depending on the battery type,
this area is more or less wide.The second section represents the charge that can be extracted from the battery
until the voltage drops below the battery nominal voltage. The third section represents the total discharge of the
battery, when the voltage drops rapidly.

Figure 13: Typical discharge characteristic

In our case, we used a lead acid battery whose characteristics are illustrated in the following table
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Table 5
Battery Parameters

Nominal voltage battery Vn = 12 V
Nominal capacity battery Qmax = 100 Ah
Full charged voltage Vfull = 13 V
internal resistance battery rn = 0,0012 �

3. SIMULATIONS RESULTS AND DISCUTION

The aim of these simulations is to investigate the efficiency of our model of converter and the effectiveness
MPPT method used to the energy-storage photovoltaic system under variable climatic condition along a day.
These simulations are done with following data:

• The irradiation experimental measurement, illustrated in Fig.4 is processed with Matlab software
under of samples 15 seconds.

• The temperature experimental measurement, illustrated in Fig.6 is processed with Matlab software
under of samples 15 seconds

The simulations results illustrated by Figs. 14, 15, 16 and 17 show that: the duty cycle change which
control the converter is proportional the change of solar irradiation (at constant temperature).This converter
operate at maximum power points, it presents no power loss as shown in Fig. 15. The maximum power generated
by the panel is transferred to the battery. The difference which appeared in Fig. 16 is due to the voltage drop
caused by the internal resistance of the load. The changes of battery characteristics ( batI , batV ,SOC ) and the
same of GPV ( PVP ) proportionally with the variable illumination shows the efficiency and the performance of
this average model of the DC/DC converter and also the least squares method used. As an addition, the simulated
data was analyzed to calculate the efficiency of converter, which was calculated based on energy extracted by
converter and the energy stored in the battery. It was evaluated at 91%.

Ended up with a comparative simulation between the preceding case and the one which the temperature
and irradiation are simultaneously variable. The resulted is illustrated in figure.18 which shown the diminution
of the power du GPV, thus confirming that the variation in temperature is inversely proportional to production of
the photovoltaic energy.

Figure 14: Duty cycle variation
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Figure 15: Output power of the converter output of the photovoltaic generator

Figure 16: Variations of the GPV power and the power battery as a function time

4. CONCLUSIONS AND FURTHER WORK

Efficient methods for the tracking of maximum power of a photovoltaic generator and a average model of DC/
DC buck converter are designed for a particular application are proposed in this paper.

These MPPT numerical methods are presented for two cases: Firstly the least square numerical method is
used for the power transfer between GPV and battery under constant temperature and variable irradiation. Secondly,
the Lagrange’s method is used for the power transfer under both variables irradiation and temperature. The first
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method is used to obtain the best curve fitting that passes through the data points by minimizing errors in the
least squares sense. The Lagrange’s method is based on the multivariate interpolation polynomial.

In order to investigate these methods, an average model of a DC/DC buck converter is employed. It is
based on the state matrices of the battery-storage photovoltaic system.

The goal of these methods is to overcome some of the occlusion problems associated with the precision
and the rapidity during the long-term simulations.

Figure 18: Long term test results of the output power converter and of the � �P f tPV �  for

(T = 25 C°, E variable) and for bivariate (T, E)

Figure 17: Variations of the characteristics of thebattery and the GPV power
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These simulation results confirm the high performance of these numerical methods to best optimizationof
the energy transfer of this photovoltaic battery-storage system.
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