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Abstract in this article, we present the study and results
for the installation of a mini-photovoltaic power plant of
2 kW installed in the desert region (Applied Research in
Renewable Energy (URAER), Ghardaia in southern Alge-
ria during 15 days (14-31 January 2016). The objective is
to compare Homer software simulation and experimental
recorded data, to characterize and to evaluate the dynamic
performance and energy balance of a photovoltaic plant
composed of a PV generator, a battery storage and regu-
lator which has the role of protecting the battery and
management system operation face the climatic variations
in desert region.

Keywords Stand-alone photovoltaic system - Homer -
Acquisition - Desert environment

Introduction

Depletion of fossil energy resources, environmental prob-
lems, and the considerable increase in energy requirements,
development of new energy resources is one of the prior-
ities of the energy political of many countries. Renewable
energy is an environmentally friendly alternative to fossil
fuels [1, 2, 3].
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Photovoltaic solar energy contributes significantly to
sustainable development in remote and isolated areas of the
electrical distribution network. Mini solar power plants
offer a very interesting solution for the electrical power
necessary for the development of these regions. In the
process, they reduce the negative impact of diesel on the
environment [4, 20, 21].

The work that was defined for this study concerns a
stationary application of 2 kW photovoltaic plants, iso-
lated from the network. The objective set is to study the
performance of a system and evaluate the potential of an
energy conversion system using sources, PV generator
and batteries. Data acquisitions monitoring and perfor-
mance Analysis each hour, then processed to calculate
the energy report for analyzing and interpreting the
results. During this monitoring period are measured and
analyzed daily parameters of the system, such as: irra-
diation, voltage, current and power generation for each
mini central compound (PV Generator, Batteries, inver-
ter and load consumption). This work also presents a
modeling and simulation of mini-central conversion
system applied to the isolated site Ghardaia in Algeria
using Homer Software.

Local of study

All studies presented in this work were performed in the
field of Applied Unit Research in Renewable Energy
URAER, Ghardaia, Fig. 1, which is a region situated in the
Middle-southern of Algeria (Latitude 32°36’ N, Longitude
3°81’ E, Altitude 600 m). This region is characterized by
High ambient temperature in the summer and high solar
irradiance potential [5] [6].
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Fig. 1 Geographic location of Ghardaia site
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Fig. 2 Block diagram of an autonomous photovoltaic system

The PV system

The Fig. 2 shows the functional diagram of the autonomous
photovoltaic system. It consists of the elements: PV gener-
ator, battery storage, regulator to control the battery and
Inverter connected to the consumption charge [7, 8, 22, 23].
Mathematical modeling

Photovoltaic array output modeling

A PV array is a group of various PV modules which are
electrically connected in series and parallel to give the
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Fig. 3 Electrically equivalent of solar array circuit
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required current and voltage. The equivalent circuit for the
solar module organized in N, parallel and N series is
presented in Fig. 3 and the terminal equation for the cur-
rent and voltage of the PV panel becomes as follows
[9-11, 22, 23]:

q (V R

I = Ny, — N, — —=+—]| -1

o =rondern | (50| 1}

N, (VR

__P <_ + _S> (1)

R, \N; N,
I, is photocurrent, I, is the reverse saturation current, g is
the electron charge (¢ = 1.6 x 107'°C), K the Boltz-
mann’s constant (K = 1.38 x 10723), and T is the solar
array panel temperature, R is the intrinsic series resistance
of the solar cell, Rsh: is the equivalent shunt resistance.
Where:
Tcref)) (2)

Iph = Iphref - :ucc(Tc -

Gref (

Iphrer 1 photocurrent under reference.

U, Coefficient of sensitivity of the intensity to
temperature.

T., Terer The temperatures of the real cell and to the
reference condition.

Storage modeling

The battery, whose role is to store energy and release it
when the sunlight is insufficient; the mathematical lead
acid battery model used is given by [24, 25]. It is modelled
by putting in series an electromotive force corresponding to
the open circuit voltage when it is charged Ey, a capacity
indicating the internal capacity of a battery (Cy) and an
internal resistance R, Fig. 4 gives the equivalent circuit.
The terminal voltage of the battery is given by:

Voat = Eb — Ry X Ivan — Ve, (3)
Many different storage technologies can be utilized with

photovoltaic systems. Research is currently being under
taken into the use of ultra-capacitors as a means of energy
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Fig. 4 Electrical model of lead acid battery

storage for photovoltaic systems. Battery technology
remains the most popular choice. Nickel cadmium and
nickel metal hydride batteries can be used, but the lead acid
battery is still the most widely used storage method for
stand-alone photovoltaic systems [26].

State-Of-Charge (SOC) is the ratio between the value of
the battery and its value after discharge time [5, 6, 12, 13, 14].

SOC — Battery .charge
Battery capacity discharge

x 100 % (4)

Energy management strategy

The system aims are to ensure a maximum operating of
the photovoltaic array and to make a decision on
switching between different components (PV/battery/
load) with correct operating of the battery to protect it
against overcharge and deep of discharge. The batteries
in a photovoltaic system operate in a cyclic way, dis-
charging during the night and recharging during the

day. The most recommended charging process in this
case is the one with constant voltage and current
limitation.

Figure 5 shows the flowchart of the strategy of load
management strategy and description of energy produced
and consumed by the various components for a stand-alone
photovoltaic system. The objective was to improve the PV
system reliability and minimize the batteries replacement.
The study of the PV system’s behavior required the input
of three major parameters, solar irradiance (G), ambient
temperature (7), the PV power and the power load power
(P1oaq)- For the autonomous PV system, the storage was
conditioned.

The relays’
objectives:

switching is based on the following

e Satisfy the load with the required power.

e Protect the batteries against deep discharge and exces-
sive charge. The battery state of charge (SOC) is
maintained between two pre-fixed values (30 and
90 %).

e The unused energy provided by the panel is used to
charge the battery’ bank.

A good management of the charge and discharge of the
batteries is necessary to prolong their life while ensuring
optimum operating conditions. The objective of this man-
agement is the extraction of the energy required by the
load, taking into account the load profile and the batteries
state of charge at every moment and the availability of PV
energy. For batteries charge, the available power P, is
function on the photovoltaic power Ppy and the load power
Ppaq- The proposed standalone PV system operates in one

Fig. 5 Organigram of energy -
management strategy ’ eai)ure
PVs L'load
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Battery and PV 0
generator
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Battery charged with
PV generator and
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PV arrays generate sufficient energy

Viae> 90% to feed the load and charge battery

Load charged with
Battery and PV
generator disconnect
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of the following five operation modes, this cases are
summarized as:

e Batteries charge: In this case, the PV arrays generate
sufficient energy to feed the load and charge battery.

e Power compensation: In this case the energy available in
PV array is not sufficient to supply the load, the battery
bank supplements the energy required by the load.

e Battery discharge, it’s occurs when there is no available
energy at PV array. In this case, the battery bank
supplies full load energy.

e In this case, the PV array generate sufficient energy to
feed the load without the intervention of battery.

e In this case, no PV energy production and battery are
completely discharged, and then the consumer is
disconnected.

Homer software

HOMER (hybrid optimization model for electric renew-
able) is one of the global standard software in conception
and deploying of micro-grids and distributed power sys-
tems that can include a combination of renewable energy
multi sources, storage, and fossil-based energy (either
through a local generator or through a power grid) devel-
oped by NREL (National renewable energy laboratory) in
the US [15-18]. It can be useful in the evaluation of design
options for off-grid and grid-connected power systems for
remote, stand-alone generation applications [15—18]. There
are three principal tasks that can be performed by HOMER:
simulation, optimization and sensitivity analysis.

System components

In our PV/Battery energy system, there are four main
components to the system: PV panels, Battery storage, a
DC-AC converter, and the load. The HOMER system
configuration is shown in Fig. 6.

AC DC
El‘ect_ric Load #1 PV
.| @ rd
LT ] TR
11,26 kWh'd
2,09 kW peak
Cpnvertgr IND13-6V

—Z =

Fig. 6 PV/battery energy system architecture
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Table 1 Optimal system architecture

Characteristics

PV generator 2 kW (24 V)
Batteries 8 elements (235 Ah/6 V)
Inverter 3 kW

The optimal system architecture is given in the Table 1.

The simulation results of the PV installation are given
by the HOMER Pro simulation model are shown below:

The annual irradiations on the site of Ghardaia are
represented by the Fig. 7.

The daily irradiations on the site of Ghardaia are rep-
resented by the Fig. 8.

The daily power of PV array are represented by the
Fig. 9.

The daily power at the input of the inverter is shown in
Fig. 10.

The daily power at the output of the inverter is shown in
Fig. 11.

The power output of the inverter maintains the same
waveform at its input, but diminished in quantity due to
losses within the same inverter.

Irradiation (KW/m?)

~
NI

S A E SIS ST R ISP (S (S W WY )
VAN A PN KD K O NG KA D WD P D O S D AN

9 9 D D O O O D D OO O DO O OO
R T R S SR R R R SR SO S RN
B L L L L L L L e L R L

Days

Fig. 7 Annual global profile of solar irradiation on the site of
Ghardaia
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Fig. 11 The daily power at the output of the inverter
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Fig. 12 Battery charge power
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Fig. 13 Battery power discharge

Battery charge and discharge power are given in
Figs. 12 and 13.

Distribution of daily power load demand are given in
Fig. 14.

The daily PV generator variation with seasons is given
by the Fig. 15 below.

The AC primary consumption daily profile with the
seasons is as follows (Fig. 16).

We see in this figure, the battery charges in photovoltaic
production period, taking place from 6.30 18.30, the bat-
tery power is positive along this period. The rest of the day
the battery discharges, and it is that which covers the
demand, its power in this case is negative. The discharging
and recharging of the accumulator are imposed by the
consumer and production systems.
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Fig. 14 Distribution of daily power load demand

Description of the mini central studied

Figure 17 displays the mini central studied in Ghardaia
area. It divided by two fields; the first is based on the solar
modules of 50 W/12 V, and the second on 100 W/24 V
modules. The modules in both fields consist of photovoltaic
cells based on monocrystalline silicon. Each mini plant,
provided power 1 kW, the first consists of 20 module I-50
type modules manufactured by the company Isophoton,
and the second consists of 10 modules of type 1-100/24

(same manufacturer). Their characteristics are given in
Table 2. The solar energy was Stored in 8 batteries (lead
acid technology) used at night and not sunny. The rated
voltage of the battery element used is 6 V with a nominal
capacity of 235 Ah. The regulator protects the batteries by
reducing the energy input in the case of sufficiently high
voltage batteries. Also, it protects the batteries against deep
discharge. A data acquisition system was installed in order
to ensure the data collection of the various climatic
parameters. For irradiation measurement, a CM11 Pyra-
nometer type with a sensitivity equal to 4.57 x 107° V/
Wm ™2 was used. The variation of used charges is:

— Refrigerator, agilent data logger and computer at night.
— PC and agilent data logger in the day.

In this experiment, Agilent 34970A Data Acquisition to
control system was installed in order to make sure the
follow-up of various parameters (climatic parameters,
current and voltage of the PV array, storage and load) and
to see their results in a desert environment [19].

For irradiation measurement, a CM11 Pyranometer type
with sensitivity equal to 4.57 x 107 V/Wm™? was used
below, in Fig. 18 is given the set configuration set of the
BenchLink Data Logger software.

The different instruments were connected to the chan-
nels (101-112) of the standard module 34901A to measure
of all parameters necessary for the evaluation of the PV

Generic fiat plate PV Power Output Daily Profile

200 200
150 150
100 1,00
s 050 050
= 0w 000
5 0 6 n B8 0 6 2 18
a ) ™
5 mai juin
C 200
g 150 N 150
> 100 1,00
a
L 0% 050
© / /
T o 4 0,00 =
3 0 6 L B 0 6 2 18
g sept. oct.
Y 200
& 150 § 150
100 1,00 =
050 ‘ 050
000 - 000 u
0 6 PR 0 6 12 18

Fig. 15 The daily PV generator variation with seasons
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Fig. 16 Daily load profile according to the season’s variation

system performance of each compound (irradiation, tem-
perature, voltage, current and power).

The experimental results for 1 day (15 January
2016)

Data recorded collected during 1 day (15 January 2016) for
weather and total in-plane radiation are presented below.

The measurement results of the 2 kW photovoltaic
plants for 1 day (15 January 2016) are presented below.

Figures 19 and 20 show the voltage, current and power
of PV generator.

Figures 21 and 22 show the voltage, current and power
of the battery.

Figure 23 shows the input and output power of inverter
and load demand current.

An average hourly variation of local solar irradiation
to the production of PV output power during 7:00-18.00
for in 15 January 2016 at Ghardaia test site. It can be
concluded that the production of PV output power is a
function of solar irradiation and module working tem-
perature. It increased with increasing solar irradiation
and decreased with increasing module working temper-
ature. These mean that solar irradiance and module

working temperature play important factors in order to
estimate energy production and degradation of the PV
system. From Figs. 19 and 20, it was found that the
production of total PV output power is in the range of
0-1 kWat the local solar irradiation varies between 0 and
500 W/m®.

Energy balance

Figure 24 shows the energy balance of the system; these
energy balances are obtained and calculated from mea-
surements made during the given period. It takes the
average daily value of this period.

Ebl ch: Battery energy loading (group 1).

Ebl disch: Battery energy unloading (groupl).

Eb2 ch: Battery energy loading (group 2).

Eb2 disch: Battery energy unloading (group 2).

EbT ch: Total battery energy loading.

EbT disch: Total battery energy unloading.

Egl: PV generator energy (groupl).

Egl: PV generator energy (group2).

EgT: Total PV generator energy.

E load day: load demand during the day.

E load night: load demand during the night.

@ Springer
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PV modules mounted in roof

Fig. 17 Experimental autonomous PV system

Table 2 Module characteristics (I-50/12 V and I-100/24 V)

Module I-50 Module I-100/24
Maximum power (P,,) 50 100
Short circuit current (/..) 3,27 A 3,27 A
Open circuit voltage (Vo) 21,6V 43,2V
Current at MPPT (Im) 2,87 A 2,87 A
Voltage at MPPT (V,,,) 17,4V 34,8V
Number of cells 36 72

The experimental results for 2 weeks (14-31
January 2016)

Data recorded collected during 2 weeks from 14 January
2016 to 31 January 2016 for weather and total in-lane
radiation will be presented.

* @ Springer

Meteorological station

The load in the day

The load at night

The measurement results of the 2 kW photovoltaic
plants for 2 weeks (14-31 January 2016) are presented
below.

Figures 25 and 26 show the voltage and current of PV
generator.

Figure 27 shows the power of PV generator.

Figures 28 and 29 show the voltage and current of
batteries.

Figure 30 shows the power of battery.

Figure 31 show input and output power of inverter and
load demand current.

An average hourly variation of local solar irradiation to
the production of PV output power during 7:00-18.00 from
14-31 January 2016 at Ghardaia test site. It can be con-
cluded that the production of PV output power is a function
of solar irradiation and module working temperature. It
increased with increasing solar irradiation and decreased
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Fig. 20 Voltage, current and power of PV generator (group 2)

with increasing module working temperature. These mean
that solar irradiance and module working temperature play
important factors in order to estimate energy production
and degradation of the PV system. From Figs. 19 and 20, it
was found that the production of total PV output power is
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Fig. 21 Voltage, current and power of Battery (group 1)
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Fig. 22 Voltage, current and power of Battery (group 2)

in the range of 0-1 kWat the local solar irradiation varies
between 0 and 500 W/m?>.

We can observe that the hourly global parameters per-
formance of PV plant (voltage, current and power) are
more significant between 10.00 and 14.00 h. The PV power
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Fig. 25 Voltage and current of PV generator (group 1)

production takes the maximum value at 12.00 and equal to
zero at night, which illustrate the effect of weather condi-
tions on the efficiency of PV panels and the relationship
between the radiation and the output power of PV panel.
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Fig. 31 Input and output power of inverter and load demand current

Conclusion

The focus of this paper is on the study and the presen-
tation of results for the installation of a mini-photo-
voltaic power  plant of 2kW  installed and
monitored between 15 January 2016 to 31 January 2016
at the Applied unite research in renewable energy in the
south of Algeria in the desert region (Ghardaia). Simu-
lation using Homer software was done to optimize and
evaluate energy balance and was validated with the
experimental results to analyze the photovoltaic system
performance parameters under the effect of the climatic
conditions in the desert environment.

Open Access This article is distributed under the terms of the
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distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
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