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ABSTRACT

Direct coupled Photovoltaic (PV) system is a common topology among ARTICLE INFO
most of the off-grid communities in the world. This topology has less | Submitted: July 26, 2024
components hence resulting in low investment costs. However, it suffers
much losses when battery operating voltage is far from maximum power | Revised: Nov. 19, 2024
point voltage of PV modules. This scenario can be attributed by
different factors such as; variation in solar radiation, load profile and | Accepted: Dec. 17, 2024
temperature. Efficient operation of these systems is required in order to
reduce losses. Usually in direct coupled system, PV modules are | pyplished: Jan. 2025
connected in parallel with batteries through a charge controller hence
making PV output to depend solely on battery operating points. For
losses reduction, a proper voltage range of battery and PV modules has
to be selected. The challenge to many technicians is on proper selection
of ranges of voltages of battery and PV module. This results in installed
PV systems being operating away from maximum power point hence
much losses. This paper presents a model of solar home PV system
developed using MATLAB software. Two types of solar PV modules; A
Copper, Indium, Gallium, Selenium (CIGS) thin film and a
polycrystalline PV module with 24V lithium nickel cobalt aluminum
oxide as a storage were modeled. The Solar radiation data and load
profiles were collected from Dodoma, Tanzania. In order to get
optimum results, optimization tool was also developed by using genetic
algorithm. For efficient operations of direct coupled PV systems, the
ratio between 0.7 and 0.9 of battery to PV maximum power point
voltages has been proposed. By using these ratios in PV system
designing, one can have an assurance of operating PV system at
minimum losses in areas with high solar radiation. This can be a simple
method to be used when designing solar home system. However, more
detailed analysis on battery capacity and PV modules are
recommended.
Keywords: Maximum power point, off-grid system, direct coupled PV system, and battery

energy storage.

INTRODUCTION Electricity being an engine of development
to any society, can be used for different
purposes  like  lightning,  powering
appliances, food storage and cooking
(Bertheau et al., 2014).

In general, electrification rate in Tanzania is
still very low (Masenge & Mwasilu, 2020).

In recent years, most of the off-grid
communities in Tanzania have been
sensitized and educated on the importance
of using electricity for their day to day
activities (Minja & Mushi, 2023).
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Only twelve years ago (Grimsby, Aune, &
Johnsen, 2012) reported that, 86% of
Tanzanian population was not connected to
the national grid, of which most of them live
in rural areas. (Bertheau et. al., 2014) also
reported that, electrification rate of the
country is low of about 11 %, whereby in
rural areas it falls to ranges below 2%. Two
years later, another author (Moner-Girona
et. al., 2016) reported also that, in Tanzania
only about 14% of the population has access
to electricity, with only 3% reaching rural
areas.

There has been a remarkable increase in
electricity access in recent years with data
reports reaching up to 32.8 % of the whole
Tanzanian population (Justo & Mushi,
2020). From this population, 65% of the
electrified population is from urban areas
and 18% of rural off-grid areas. Of the
electrified population, 74.9% is electrified
with national grid, 24.7% is electrified from
solar PV systems and the remaining
percentage (0.4%) is electrified from
individual small diesel generators(Bastholm
& Fiedler, 2018; Olukan & Emziane, 2014;
Rocco, Fumagalli, Vigone, Miserocchi, &
Colombo, 2021)). This has shown a
significant improvement and increase of off-
grid electrification in Tanzania especially
with the use of solar PV systems.

The small percent of population using solar
energy is expected to increase in the coming
years due to the awareness which has been
created on the use PV systems (Mruma &
Ayeng’o, 2023). Not only that but also

Classifications of solar cell
technologies

Y

worldwide the cost of PV modules is
decreasing (Kaombe & Katemi, 2023;
Minja & Mushi, 2023). On the other hand,
most of the off-grid population in Tanzania
have no technical background on PV
systems. Selection of correct PV module
type, battery and size is still a challenge
(Kasilima et. al., 2024). Not only that but
also large percent of the off-grid population
lack knowledge on how to efficiently
operate PV system. This leads to energy
losses and early aging of some of the PV
systems’ components like batteries.

There are different types of PV panels
which can be found in the market. They can
be categorized depending on different
technologies and they include first, second
and third generation PV panels(lbn-
Mohammed et. al., 2017; Ibrahim & Anani,
2017). First generation solar cells are also
known as conventional cells. They are
mostly made of silicon materials, include
crystalline and amorphous cells and are the
ones which are mostly available in the
market (Vinod, Kumar, & Singh, 2018).
Second generation solar cells are thin film
cells as for example cadmium telluride
(CdTe), copper indium gallium diselenide
(CIGS), and gallium arsenide (GaAs) cells.
Third generation solar cells are mostly still
in research phase. Furthermore, there is an
emerging market of organic photovoltaic
cells and perovskite (Ibn-Mohammed et. al.,
2017). Figurel shows in brief the
classification of PV modules.
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Figure 1: Classification of solar cell technologies (Ibn-Mohammed et. al., 2017).
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For solar PV systems, batteries are also of
importance for electricity storage (Justo
& Mushi, 2020). Although in the market
there are different types of batteries, most of
off-grid population uses lead-acid batteries
(Kaombe & Katemi, 2023). This is due to
the fact that lead-acid battery is a mature
technology and its investment cost is lower
compared to other technologies like lithium
ion batteries(Hoppmann, Volland, Schmidt,
& Hoffmann, 2014; Kwiecien, Schroer,
Kuipers, & Sauer, 2017; Pavlov, 2017).
(Paul Ayeng'o, Schirmer, Kairies, Axelsen,
& Uwe Sauer, 2018) did a study by
comparing cost of lead -acid and lithium-ion
batteries for the lifetime of 20 years in the
PV system. They found that solar home
system (SHS) with Lithium Nickel Cobalt
Aluminum Oxide (NCA) battery generally
had a lower LCOE compared to the SHS
with lead-acid battery. This was mainly due
to both the longer life time of NCA batteries
and the reduction of the price of NCA
batteries as a result of significantly
increasing global production scales.

Due to the fact that market have different
types of PV module and batteries, proper
ratio between battery and PV module
voltage during PV system design has to be
known, so as to easily select proper
combination of battery and PV modules
voltages of the designed system and have an
assurance of operating the system
efficiently. In this study, a directly coupled
solar home PV model has been developed.
24V DC household using either Copper,
Indium, Gallium, Selenium (CIGS) thin
film or polycrystalline PV modules with
lithium nickel cobalt aluminum oxide
(NCA) has been studied.

By considering fluctuation of solar
radiation, temperature and load profile, the
developed model can select an optimal
range of maximum power point voltage
(Uympp) of different PV modules. This is
done by selecting the optimal number of PV
cells connected in series. The ratio between
battery nominal voltage and maximum
power point voltage (Uypp) can help easily
selection of PV module and battery voltage

in the market and have confidence that PV
system will always be operated at high
efficiency. The results presented in this
paper, are from the study which was done in
Dodoma, Tanzania however, the model can
be adopted at any climatic area.

METHODS AND MATERIALS

Solar PV model

The developed PV model calculates first PV
output at an inclined plane.
MATLAB/Simulink programme was used
in the development of the model. It then
calculates current and voltage at maximum
power point. The model uses solar radiation
data (global, direct, diffuse and reflected
radiation), temperature, PV  module
electrical data and inclination angle as input
data (lbrahim, EI-Sebaii, Ramadan, & El-
Broullesy, 2013; Justo & Mushi, 2020;
Merei, Berger, & Sauer, 2013). Input solar
radiation were measured at horizontal plane.
Hence global solar radiation at an inclined
plane was calculated as follows (Reddy,
Reddy, & Kumar, 2017; Zaraket, Khalil,
Aillerie, A. Vokas, & Salame, 2017).

H, = H,R, + HyR, + (H, + Hy)R, (1)
Where R, R; and R, are the ratios of beam
(direct), diffuse and reflected solar radiation
on the inlined plane to that on the horizontal
plane, H, and H,; are direct and diffuse
radiation measured at horizontal plane, and
H; is the total solar radiation at the inclined
plane.

Values of solar radiation at inclined plane are
calculated using the following equations 2, 3
and 4. These represents the calculation for
beam (direct), diffuse and reflected solar
radiation at inclined plane respectively. Beam
(direct) solar radiation at an inclined plane is
calculated as,

Hy = Hyo(cos(8) / cos(62)) )

Hypo is the beam (direct) solar radiation
measured at horizontal plane (W/ m?), 6 and
(6z) are the incidence angle of direct
radiation on tilted surface and horizontal
surface, respectively (°).
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Diffuse solar radiation at an inclined plane is
calculated as follows,

Hq = HaoG (1 + cos(B))) 3)

Hq o is the diffuse solar radiation measured at
horizontal plane (W/ m2) and B is the
inclination (tilt) angle (°). And reflected solar
radiation at an inclined plane is also
calculated as,

Hy = a5 HeoGG (1= cos(8))) @)

o is the ground reflectivity and Hy, is the
global solar radiation at horizontal plane (W/
m?2).

PV output current and voltage

The calculation of PV output for the direct-
coupled PV system as a function of solar
radiation H,, temperature T, battery voltage
Upare @and number of serial connected PV

cells NPVserial (P(Ht’T’ Ubatt’NPVserial))
has been adopted from (Paul Ayeng'o,

Axelsen, Haberschusz, & Sauer, 2019).
Current at maximum power point is
calculated as:

IMPP:M ©)

(I'+(a1He)

H, is the global solar radiation at inclined
plane (W/ m?), a; and I" are PV module
constants (Paul Ayeng'o et. al., 2019). The
voltage at maximum power point depends
strongly on the PV module temperature and
the solar radiation. The PV module

temperature was calculated using the
following equation (Vinod et. al., 2018;
Traoré

et al., 2018; (Mayanjo & Justo, 2023)).

Tpy = Tamp + (He X Tpycoess) (6)

Tpy 1s the PV module temperature (°C), Tymp
is the ambient temperature (°C), H; is the
global solar radiation at inclined plane (W/
m2) and  Tpycoepr IS the coefficient
temperature of the PV module set between
0.02 °C/W/m2 for completely free standing
panels with good heat dissipation and 0.04
°C/W/mz for poor cooling, directly mounted
to the roof (Arbuzov et. al., 2015; Bellia et.
al., 2014; Machniewicz et. al., 2015; Merei et.
al., 2013).

Now,
Uypp = ay In2(H; + 1) + %

Ct (TPV - Tref) (7)

where Uypp IS the PV voltage at maximum
power point (V), T, is the reference
temperature (25 °C), C; is the temperature
coefficient describing the voltage decrease
with the increase in temperature, a,, a,, as
and a, are parameters which are presented in
detail by (Paul Ayeng'o et. al., 2019) . The
theoretical power of a single PV module
operated at maximum power point is then
calculated in equation 8.
Pypp = Umpp X Inpp (8)
Pypp = Ng X Uypp X NpX Iypp ©
If several PV modules are connected in serial
for the purpose of increasing output voltage
and in parallel for increasing output current
and power, equation 9 is applied. N; is the
number of PV modules in serial and N, is the
number of PV cells in parallel. Yearly energy
generation when system is operated at
maximum power point E,,, and direct
coupled topology Egircoup are calculated by
integrating the generated powers ( Py, and
Pgircoup ) Which are power at maximum
power points and when operated in a direct
coupled topology respectively.

t
Empp = fo (Pmpp)dt (10)
t
Edircoup = fo (Pdircoup)dt (11)

NCA battery model

The used battery model had nickel-cobalt-
aluminum oxide at the positive electrode and
graphite at negative electrode. The positive
electrode cell material is more vulnerable for
a thermal runaway (Chen et. al., 2020). Figure
2 show the indication of different
characteristic of NCA batteries either low,
medium or high. It can be seen that, NCA
batteries have high specific energy which
makes it favourable for high energy
applications. However, safety issues should
be considered when using this type of battery
especially at cell level to avoid thermal run
away. Table 1 presents detailed values of
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Figure 2: Characteristics of NCA batteries.

Table 1: NCA Battery Characteristics

System NCA

80-220 Wh/kg
Energy Density

210-600 Wh/I

Power Density

Operating temperature range (°C)
Cycle Life
Calendar life

Battery cost

1500-1900 W/kg

4000-5000 W/I

—20 to +60

1500 - 5000

10-20 years

840,000 — 2,240,000 Tsh/kWh

NCA battery model was adopted from the
model presented by (Magnor, Gerschler,
Ecker, Merk, & Sauer, 2009); Chen et. al.,
2020; (Schiffer et. al., 2007). Battery state of
charge was calculated by using Coulomb
counting equation as presented in equation 13.

SOC(t) = SO0Cy + [, (ess()/Cace(t)dt  (13)
SOC(t) is the actual state of charge in
percentage, SOC, is the initial state of charge
in percentage, Isf(t) is the effective battery
current that is used to charge or discharge the
battery and C,.(t) is the actual battery
capacity in Ah.

Load profile

Most of rural households have low electrical
energy consumption. In this study, household
which consumes 0.3 kWh per day was used
with its daily profile as presented in figure 3.
It can be seen clearly from the graph that; this
household uses more electricity at night when

there is no solar radiation. For such

household, the use of battery is essential.

30
2 20

10

Power

0

1.Jan 2.Jan 3.Jan 4.Jan 5.Jan 6.Jan 7.Jan
Date
Figure 3: Household load profile.

Electrical data sheet of polycrystalline

In this study, polycrystalline and Copper,
Indium, Gallium, Selenium (CIGS) thin
film PV modules were used. The modules
have 54 and 100 number of cells connected in
series. They have 0.62V and 0.59V cell
voltages. Table 2 describes the electrical data
at standard test condition (STC is 25°C and
1000 W/m?). The I-V-P curve and the battery
operating window for both types of PV
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modules are presented in Figures 4 (a) and 4  System optimization

(b) respectively.

Table 2: Electrical data sheet of polycrystalline

and CIGS modules

Electrical data (at CIGS
STC) Polycrystalline
Max. power (Pmax) 210 W 130 W
Max. power voltage 445V
(Umpp) 26.4V
Max. power current 292 A
(Impp) 7.95A
Open circuit voltage 59.3V
(Uoc) 33.6V
Short circuit current 334 A
(Isc) 8.33A
10 ¢ 1240
7.5 ig—\"l ccccc s svind —\:\ 180
g Al + Maximum powerpnir:[/ - 110 %
250 .60 B
s Sl A 0
0 5 10 15 20 25 30 35
Voltage [V]
(a)

Current [A]

7% Battery operating window |\ |
1 —I-V curve '\‘ 10
#” 3 ¢ Maximum power point .
o == P-V curve
0= 0

0 10 20 30 10 50 60
Voltage [V]

(b)
Figure 4: 1-V-P curve for polycrystalline and CIGS.

Since the battery used has 24V, it can be seen
from Figures 4(a) and 4(b) that, the PV
modules used were able to charge battery to
its full capacity. However, there is a challenge
of operating PV module at low efficient
region especially for the presented CIGS
module. A proper selection of PV module and
battery is required to avoid operating PV
module at low efficient region method in this
area. (Asprone, et. al., 2008).

In this study, optimization was done by using
a genetic algorithm (GA) (Figure 5) which
was implemented in Matlab. The optimization
runtime was around 3-4 hours by using a
discrete step solver. Moreover, a simulation
step of 600 seconds in real time was used
which further reduced the computing effort. A
parallelization of the GA was done which
further shortened the run time, hence making
the computation and the analysis of data more
efficient.

The basic structure of the operation of a GA

is as follows (Nyirenda, Kihedu, Kimambo, &

Nielsen, 2024; Traoré, Elgothamy, & Zohdy,

2018):

i. A population is generated randomly (eg.
population size of 200). This population
consists of a number of individuals,
which in turn consist of chromosomes.

ii. A fitness function is computed using the
available chromosomes. The individuals
with the best fitness value for the case of
this study, the individuals with lowest
levelized cost of energy (LCOE) pass to
the next generation.

Using genetic operators such

crossover and mutation, a

generation is created.

The population with the chromosome set

revealing the best fitness values and the

newly created populations are computed
for the next generation.

as
new

v.  For obtaining final results, step 2 to 4 is

repeated until a stop criterion is met. In
this study, the number of generations was
set to 150. The GA then selected the best
chromosome set after finishing 150
iterations.
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Figure 5: Genetic algorithm.

The levelized cost of energy (LCOE) was
considered as a fitness function during
optimization process (Kasilima, Ayeng'o, &
Nshama, 2024). Low LCOE was preferred but
this depended strongly on the equipment costs
and the real energy supplied to cover the load.
Fitness function was calculated as:

LCOE = A

Ereal_supplied

(12)

A=NPVx(1+i)™/i (13)
whereby A is the annuity, NPV is the total net
present value, i is the interest rate and
Erear suppiiea 1S the real load which is covered
by PV system. Tables 3 and 4 represent the
optimized parameters and the costs used in the
calculation of LCOE.

Table 3: Optimized parameters

) Lower Upper

ni Incre boundar boundar
Parameter t  ment y y
Inclination
angle °c 1 0 90

90 270

Azimuth angle  ° (East) (West)
SOC max % 0 100
SOC min % 0 100
Battery W
capacity h 1 5 500
Number of PV
cells in series -1 1 200
Number of PV
cellsinparallel - 1 1 500
Table 4: Cost of system components
Component Price
PV modules 1,200,000 Tsh/kWp
Charge controller 140,000 Tsh
NCA battery 1,120,000 Tsh/kWh
Interest rate  (with
inflation) 6.67%

RESULTS AND DISCUSSIONS

Optimal solar PV module

The original simulated Polycrystalline and
CIGS modules have 54 and 100 cells
connected in series respectively. After
optimization process, the optimal number of
PV cells connected in series was 61 and 65
respectively. More optimal results are as
presented in table 5.

Table 5: Optimization results for Polycrystalline PV panels

Parameter Unit Polycrystalline  CIGS
Inclination angle ° 7 5
Azimuth angle o 182 185
SOC maximum % 83 86
SOC minimum % 0 5
Number of PV cells in series - 61 65
Number of PV cells in parallel - 5 12
Peak power Wp 118.6 101.4

From the optimal sizes of the simulated PV
modules, a comparison was done between PV
system which is directly coupled with the
battery and PV system operated at maximum

power point. It can be seen clearly from figure
6 (a) and (b) that, most of the time, direct
coupled system was operated near the

m Tanzania Journal of Engineering and Technology (Tanz. J. Engrg. Technol.), Vol. 43 (No. 4), Dec. 2024
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maximum power point hence efficiently
operated.

%]

100
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P-PV P-PV
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(b)
Figure 6: A comparison between PV
system directly coupled to the battery and
PV system operated at maximum power
point for Polycrystalline and CIGS
modules, respectively.

()
peak (%]

Optimal ratio of battery to maximum
power point PV voltages

Analysis was done to find the optimal number
of PV cells connected in series for both of the
used PV modules. This optimal number
allows direct coupled system to operate at low
losses (high efficiency). The optimal number
of PV cells connected in series lie between 53
and 65 for polycrystalline and 63 and 80 for
CIGS instead of 53 and 100 cells of the
original modelled PV modules. Figure 7(a)
and (b) shows the percentage of losses which
can be accounted with the change in the serial
number of PV cells for polycrystalline and
CIGS modules.

15
210}
/)]
[0)
9]
2 s
-
0 Il 1 1 1
50 55 60 65 70 75
Number of PV cells in serial
(a)
15 :
__10
=
@
o
|
5 =
0 L 1 il
60 70 80 90 100
Number of PV cells in serial
(b)

Figure 7: Optimal numbers of PV cells
connected in series for Polycrystalline and
CIGS, respectively.

Losses in this study is calculated as:

(Empp_ Edircoup ) X 100%

Empp

(14)

where as Egjrcoyp IS the direct-coupled PV
system yearly generated energy and Ey,,, is
the yearly energy generated when the PV
system is operated at its maximum power
points.

From Figure 7 (a) and (b), it can be seen that,
PV module with number of PV cells
connected in series from 53 to 65; and 63 and
80 for polycrystalline and CIGS respectively
can be operated at high efficiency when
connected to 24V NCA battery. From the
proposed range of optimal number of PV
cells, the optimal battery to PV modules ratio
is calculated as follows:

(15)
The proposed battery to PV module ratio is
0.7 to 0.9. Within this ratio, one can have an

assurance when selecting the PV system, that
the system will efficiently be operated. This

Optimal ratio = Upg¢ nom / Umpp
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ratio can also be used by other types of PV
modules and batteries during PV system
design.

VALIDATION OF THE DEVELOPED
PV MODEL

For the purpose of validating the proposed
model, laboratory tests were done. The tests
were done bychanging the number of cells in
serial for polycrystalline PV module, load
profiles and solar radiation. The following
equipment were used: PV simulator, load
simulator, battery and charge controller.
Selecting the type of PV module and changing
the number of cells were done by changing
the STC (standard test condition) parameters
of the optimized modules in the PV simulator.

These included Usc, Isc, UMPP and IMPP-

In this section, the validation for using
polycrystalline module is presented. Table 6
presents the STC parameters which were used
as input to the PV simulator. In this test a
bigger battery with 130 Ah was used because
of the availability. The numberof optimized
PV modules in parallel was increased to 30
by increasing Impp and /sc SO as to cover the
given load. 54, 58 and 61 PV cells in serial
were used.

The results from this test are presented in
Figures 8 to 9. Starting with 54 cells, which
was the original parameterized module, the
presented figures show how the system
operated very near to the Umepp.

Table 6: New data sheet used for polycrystalline PV modules

No No. cells in serial Unmpp Impp Uoc Isc
1 54 (original) 26.522 23.61 33.60 24.99
2 58 28.4756 23.61 36.09 24.99
3 61 29.9485 23.61 37.96 24.99
g fr Pv;peranng ;;O(nxs
o0t =P PVuee =PPVge o

(a)
Figure 8: Power output at MPP and directly coupled system with 54 cells.
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Figure 9: Power output at directly coupled system and at MPP with a) 58 cells and b) 61 cells.

Sigalotti, Klapp, & Gesteira, (2021) carried

Table 7 shows the efficiencies reached during
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laboratory tests. High efficiencies could be
reached when a system was connected at a
direct-coupled topology. Low solar radiation
of 200 W/m? and high solar radiation of 1000
W/m? were used.

Table 7: System efficiency with different serial
connected PV cells

Item Number of Efficiency
cells (%)
High solar 54 97.4
radiation
58 99
61 94.4
Low solar 58 95
radiation

CONCLUSION AND
RECOMMENDATIONS

In this study, a simple method of selecting
battery and PV module voltage has been
presented. A ratio of nominal battery voltage
to maximum power point voltage of PV
modules have been proposed. The ratio is
between 0.7 to 0.9. This can help in the
selection of the best combination of PV and
battery voltages for the direct coupled system
and at the same time having a confidence of
efficiently operating PV system. However,
the sizing of battery capacity and PV
maximum power should also be done. The
proposed methodology can be adapted at any
region using different PV modules, batteries
and electrical load sizes.

NOMENCLATURE

CdTe  Cadmium telluride

CIGS Copper indium gallium
diselenide

GA Genetic algorithm

GaAs  Gallium arsenide

LCOE Levelized cost of energy

MPP Maximum power point

NCA Nickel cobalt aluminum
oxide battery

PV Photovoltaic

SHS Solar home system

STC Standard Test Condition
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