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Abstract. Pumping water using multiple energy sources is the ideal solution for
supplying of potable water in isolated or arid areas. In this paper, an effective
control and energy management strategy for a stand-alone photovoltaic-batteries
water pumping system for agriculture applications is presented. The system is
composed of photovoltaic solar panels as primary energy sources, and Lead-Acid
batteries as seconder energy sources to supply the brushless DC motor and the
centrifugal pump. The energy management strategy uses an intelligent algorithm
to satisfy the energy demanded by the motor, also to maintain the state-of-charge
of the battery between safe margins in order to eliminate the full discharge and
the destruction of the batteries. Drift is a major problem in photovoltaic systems;
this phenomenon occurs when the solar irradiation changes rapidly. Classical
MPPT algorithms do not solve this problem, for this reason a modified P&O has
been implemented, the obtained results shown the efficiency of the algorithm
compared to the conventional P&O. Computer simulation results confirm the ef-
fectiveness of the proposed energy management algorithm under random mete-
orological conditions.

Keywords: Energy management strategy, PV generators, MPPT, Modified
P&O, DC-DC converter, Batteries, Brushless DC motor, Centrifugal pump.

1 Introduction

Water pumping is usually depends on conventional resources or a diesel generator . The
use of these fossil energy resources (diesel generator, propane...) not only requires ex-
pensive fuels, but also creates noise and air pollution and high maintenance costs [1].
Combining several renewable energy sources such photovoltaic panels, and wind tur-
bine with batteries and supercapacitors has received considerable attention recently,
especially for pumping water in isolated areas where there is no grid power [2] and [3].



These systems are environment friendly, require low maintenance with no fuel cost,
and provide a continuous energy whatever the variation of the load or the weather con-
dition [4].

These hybrid systems required a management strategy in order to satisfy the load de-
mand and to manage the power flow while ensuring efficient operation of the different
energy systems. Various configurations and power management algorithms have been
proposed in scientific research, in [5] the system consist of photovoltaic (PV) source,
batteries storage, and an algorithm of power management, the system is used for elec-
trification and water pumping. In [6] the authors propose an algorithm based on fuzzy
logic controller to manage a hybrid system composed wind/photovoltaic/diesel with
storage battery.

In the present work, photovoltaic panels and batteries with an intelligent power man-
agement control is applied to pump a constant flow of water under different conditions
(Solar irradiation and state of charge). In order to ensure maximum extraction of power
from the photovoltaic panels a Modified Perturb and Observe (MP&O) have been used.
The brushless DC motor is controlled by electronic commutation.

2 Presentation & Modeling of studied system

The structure of the studied system is shown in Fig.1; it contains a photovoltaic gener-
ator connected to a DC-DC converter, which is controlled by the Modified P&O algo-
rithm in order to extract the maximum power from the PV generators. The system also
contains batteries connected to a bidirectional converter to allow the current to flow in
both directions, so the batteries are charged and discharged according to the user's en-
ergy demand and the methodological conditions. An inverter is used as an intermediary
between the two preceding components and the motor-pump. The control of the motor
is done through the electronic commutation that allows to operate the motor in the nom-
inal capacities. The system is managed with an intelligent algorithm, which depends on
the state of the three switches (K;, K, and K3). The design of studied system is elabo-

rated in following sections.

Py

BOOST H 2 Paemand
.... Converter | system Ammmmmns su’:"um
+ Ky
DEBE = /b~
— Three phase
!i!i Vv @mly Crele K3 vsi Centrifugal
.... e—] —— TN Pl:lﬂlp
" 7 Boc /)
\  Motor ‘-@/}
Bidirectionnel ~ A J —
Batteries Converter K, T —~—
_\ - . | control
3

DCBUS

Fig. 1. Stand-alone water pumping system description.



2.1  Photovoltaic panels modeling

Several mathematical models of photovoltaic generators were developed to describe
their nonlinear behavior and their operation. In this work, the following model (Fig.2)

is chosen [7] [8] and [9]. The PV module parameters used in this work are shown in
Table 1.

Fig. 2. PV cell equivalent circuit.

The output current (1,,,,) of the photovoltaic cell under standard operating conditions
(1000 w/m?,25°C) is given by the following Eqg. 1. and Eqg. 2.
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Where: I is the saturation current, g is the electron charge (1,6.107%%(C)), k is Boltz-
mann constant (1,38.1023(J.K™1)), n is the diode ideality factor, T is the PV cell tem-
perature (K).

In this simulation, twenty four (24) panels has been used. The simulated I-V and P-V
characteristics (Fig. 3. and Fig. 4.) present the effect of irradiation and temperature of
the behavior of the adopted PV generators.

Table 1. The PV module parameters.

Parameters Values
Numbers of cells in a module, N, 36
Open circuit voltage , V¢ 218V
Short circuit current, Ig. 724 A
Maximum voltage at MPP, Vy,pp 17.2V
Maximum current at MPP, I,pp 6.69 A
Maximum Power at MPP, Ppp 115 W
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Fig. 3. P-V and I-V characteristics for different values of solar irradiation.
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Fig. 4. P-V and I-V characteristics for different values of temperture.

2.2 Storage modeling

The purpose of using the batteries is to store the excess power and satisfy the load
demand in bad weather conditions or in night periods. Many varieties model of batteries
exist in the literature. In this work, the proposed model is shown in Fig. 5. It contains
two electrical element: a voltage source (E) and an internal resistance (R;) [10], [11],
[12], and [13].
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Fig. 5. Electrical model of the battery.

The adopted model of battery is defined by the following equations:

Veate = Ep £ Iaee R; ®)
Where: E is the voltage source, R; the internal resistance and I, is the current of the
battery.
The battery capacity Cp,;; IS given by [14]:

E;.Ny
C = 4
patt Veare - DOD. Mgy @

Where: E; is the daily electrical energy required by the load (Motor-pump), N, number
of autonomy days, Vg, is the battery voltage, DOD is the depth of discharge and ngq:
is the battery performance.
The state of charge SOC depends on the current of the battery (Ig,.). If it is positive
(battery discharge) then the state will decrease and discharge if negative (battery charg-
ing) then the charge will increase [15]. This is given by the following equation:

t

SoC (t) = Soc(t—1) — %dt (5)
t—1 “Batt
Where: Cgqq: IS the capacity of battery and I, represents the current that flow to or
from the battery.
After sizing calculations, ten (10) batteries of 12 Volts, with a capacity unit
Cpaee =50AN, have been considered.




3 Maximum power point tracking (MPPT)

Various algorithm were developed in order to extract the maximum power from photo-
voltaic panels. Perturb & Observe (P&O), Incremental conductance (Inc.) and Fuzzy
logic (FL) are the most algorithm used in research [16] and [17]. In this work, a Modi-
fied Perturb & Observe (MP&O) is implemented to avoid the failure of P&O algorithm
under fast changes of solar irradiation (Drift phenomenon) [18].

3.1  Perturb & Observe (P&O)

The P&O algorithm is widely used to extract the maximum power from PV panels. The
simple structure and small measured parameters are among the reasons why this algo-
rithm is chosen [19] and [20]. The entire P&O algorithm is given in Fig. 6.
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Fig. 6. Flowchart of the conventional P&O MPPT algorithm.

3.2  Modified Perturb & Observe (P&O)

The P&O technique algorithm fails under rapidly changing of solar irradiation [21], the
P&O algorithm confused or taken improper decision at changing primary step of duty-
cycle [22]. A modified P&O technique is proposed to avoid the drift problem by incor-
porating the information of change in current (dI) in the decision process in addition to
change in power (dP) and change in voltage (dV). The steps of the algorithm are pre-
sented in Fig. 7 [23]. The obtained results (Fig. 8) show clearly the efficiency of the
Modified Perturb & Observe (MP&O) algorithm compared to conventional P&O.
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Fig. 7. Flowchart of the drift-free modified P&O MPPT algorithm.
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Fig. 8. Comparison between conventional & modification of P&O algorithm for one panel.

4 Energy management strategy

The power management for 48h is illustrated in the flowchart of Fig. 9. The strategy is
based on the evaluation of daily demand of water (P .manq) bY the user and on the
availability of the power of solar (Pp;,). The algorithm consists in generating three con-
trol signals K, K, and K starting from four inputs: power of PV generators (Ppy ), the



power demand (P;emana) Which is given by user, the measured power (P,,,4) and the
battery state of charge (SOC). For the beginning, it is necessary to set the maximum
and minimum limits of the batteries SOC. In this work, the minimum SOC,,;,, is fixed
to 20% and the maximum SOC,,,,, to 80%.

Measure :
Py, Proad » Paemana, SOC

NO

YES Q No

[ Modes [ moge7 [ Modes | ( Modes | Modez | [ Modes |( Moded ) [ Moder

Fig. 9. Flowchart of energy management strategy.

The energy management strategy is described below:
> I Pyemand = Proad

Mode 1 : This mode of operation occurus during the following case : if the power
generated by PV panels is greater than the power required by the load and the state of
charge is less than SOC,,..., the excess power is stored by the batteries.

Mode 2 : This mode of operation occurus during the following case : if the power
generated by PV panels eqgaul to the power demande and the SOC = SOC,,4,. SO the
disconnection of the batteries is necessary in order to protect them.

Mode 3 : This mode of operation occurus during the following case : if the power
generated by PV panels equal zero and the SOC > SOC,,,;,, ,this mode may accur during
the night and the begining and end of the day, the batteries cover the power demanded
by the load until the intervention of the PV generators.

Mode 4 : This mode of operation occurus during the following case : if the power
generated by PV panels is less than the power demanded by the load, The batteries are
used to add the necessair power as long as the state of charge is not less than the
SOCpin-

Mode 5 : This mode of operation occurus during the following case : if the power
generated by PV panels equal zero and the SOC is less than SOC,,;,, The load is
disconnected.

» W Pyemana =0
Mode 6 : This mode of operation occurus during the following case : the power of PV

generators is Pp, > 0, in this case this power is stored in batteries, as long as the state
of charge of the batteries does not reach maximum (SOC < SOC,,4,.)-



Mode 7 : This mode of operation occurus during the following case : the PV generators
produce power, and the state of charge of the batteries is max in this case the batteries
are diconnected.

Mode 8 : This mode of operation occurus during the following case : there is no load
demand and the PV generators do not produce power so the system is disconnected.

5 Simulation & Results

In the studied system, the renewable PV power is taken as primary source, while the
batteries are used as a backup and storage system. The priority is given to the PV gen-
erators, not only to exploit the entire renewable energy but also to increase the life cycle
of the battery.

To test and verify the effectiveness of the energy management strategy applied to the
studied system (Fig.1). The simulation under MATLAB/Simulink over a period of two
different days has been performed.

Fig. 10 and Fig. 11 present the solar irradiation and temperature profiles, in the 1st day
(00h-24h) the maximum irradiation value reaches 1000 w/m?, while in the 2nd day
(24h-48h) it reaches 600 w/m?.

Depending on the variations in irradiation and temperature, the power profile produced
by the PV generators is given by Fig. 12.
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Fig. 10. Profile of the solar irradiation.

Fig. 13 shows the different powers supplied by the sources (PV generators and batter-
ies), in addition to the load profile desired by the user, this profile (P,,,4) has been
chosen in different periods (night, day, sunrise and sunset). Based on these results, we
can differentiate four cases, which are given as follows:

Case 1: During the intervals [Oh, 3h] and [23h, 26h], the load power demand (Motor-
pump) is 1320W, the deficient power is only supplied by the batteries because Py, = 0
and the state of charge (SOC) of batteries is not at the minimal value.



Case 2: In intervals [5h, 6h], [10h, 12h], [14h, 20h], [30h ,33h] and [41h, 44h] , the
photovoltaic generators produce Power (Pp,, > 0) so the batteries are in charge mode
since there is no demand of power (P,,.q = 0), and the SOC,,,;, < SOC < SOC -
Case 3: In intervals [6h, 10h] and [33h ,41h], The load requires a power of 1320W but
the photovoltaic generators do not produce sufficient power, the compensation of power
is done by the batteries taking in consideration that the SOC is not under SOC,,;,,
(SOC < SOCpn)-

Case 4: In interval [12h, 14h], there is a surplus of power produced by PV generators,
and the load requires a power of 1320W, so the excess of power is stored in the batteries
as long the SOC < SOC 4y
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Fig. 11. Profile of ambient temperature.
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Fig. 12. Power of PV generator.

The evolution of the state of charge (SOC) is given in Fig. 14, the (SOC) varies between
the minimum (SOC,,;, = 20%) and the maximum(S0C,,,, = 80%), therefore the
batteries are protected against complete discharge and overcharging.
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The objective was to pump a fixed water flow over two successive days and in different
periods. Fig. 15 shows clearly that the pumped flow is fixed at 30 m3/h.
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Fig. 13. Power profiles (Pgqte, Ppy and Progaq)-
100 T T T T T T T T T
90 8

SOC (%)

10 .

0 4 8 12 16 20 24 28 32 36 40 44 48
Time (Hours)

Fig. 14. State of charge of batteries.
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Conclusion

In this paper, the control and management of a photovoltaic system with storage batter-
ies for agricultural applications has been presented. The system configuration, the
MPPT algorithm and the proposed management strategy were simulated in
MATLAB/Simulink environment. The obtained results show the effectiveness and the
reliability of the system during two successive days under different weather conditions.
The proposed management strategy allow to ensure optimal operation of the system
without human intervention, which makes the system more intelligent.
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