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ABSTRACT This paper presents a comparative analysis of single, double, and three-diode models for
commercial and industrial photovoltaic (PV) cells. The efficiency of a PV system depends on various
factors, including fill factor, material effect, temperature coefficient, interconnections, module degradation,
solar irradiation, module temperature, soiling, potential induced degradation, PV module tilt angle, parasitic
resistance, and shading effect. The results show that adding diodes decreases the maximum allowable power
taken from a PV cell, resulting in the single-diode model with the highest efficiency of 99.9% at STC.
As the temperature increases, the voltage decreases and the maximum power decreases to 4.044 watts/°C,
while with the rise in irradiation, the maximum power value increases to 80.04 watts/ 100w/m?. A rise in
temperature affects voltage and current values, while irradiation affects current values. An increase in series
resistance decreases maximum power values by 216.785 watts/0.1-ohm, while shunt resistance increases
maximum power by 0.0725 watts/100 ohm without significant change in current value. Py,x, Vinay, and Lygy
values increase with a decrease in shading value. Two and three-diodes respond more effectively than single
diodes at the lowest and maximum shading values. Total-Cross-Tied configurations perform more efficiently
in various connections, while HC and BL connections have comparable I-V performance. However, BL and
HC have low maximum power. MATLAB software is used for modeling and simulation, assisting researchers
in understanding factors affecting solar PV system efficiency and diode models.

INDEX TERMS Diode model, interconnection, irradiation, shading, soiling, total cross-tied connections.

I. INTRODUCTION

A typical definition of renewable energy source is energy
derived from a resource swiftly replaced by a natural pro-
cess, such as solar, wind power, biogas, etc. Renewable
energy sources are environmentally friendly, inexhaustible,
and cost-effective. Even after accounting for potential con-
straints, studies have repeatedly shown that renewable energy
can provide a significant percentage of future electricity
demand. PV energy is nowadays used in many applications
in stand-alone systems [1], [2], grid-connected systems [3],
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Electric vehicles, storage systems, micro-grid [4], and hybrid
systems to enhance the reliability of the power genera-
tion systems [5] by using alternative renewable energy like
wind. When PV cells are exposed to solar energy, a PV
cell/module/array generates electricity for running a PV sys-
tem load. Earlier studies show that a PV model can be based
on a single-diode model [6], [7], [8], a two-diode model [7],
[8], and a three-diode model [8], [9]. According to the results
and conclusion [7], [8], [9], the one /single diode model
performs better than the two-diode model when determining
the overall I-V characteristics. Mostly single-diode and two-
diode models are used to study the output characteristic of the
PV module as the increase in diodes decreases the maximum
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power and efficiency of the panel [9], [10]. It is important to
note that numerous factors affect the efficiency of PV module
when exposed to the outer environment, including fill fac-
tor, material effect, temperature coefficient, interconnections,
degradation of PV module, variation in solar irradiation,
module temperature, soiling, potential induced degradation,
PV module tilt angle, parasitic resistance, and shading effect.
Some of the research finding in terms of performance are
illustrated below:

Water spraying with coal decreases efficiency [11]. Cool-
ing can provide an average 9.64% enhancement in effi-
ciency [12]. Maximum power decreases with values between
0.14% and 0.47% if the temperature increases by 1°C for the
photovoltaic cells [13], [14]. The maximum power decreases
with values between 0.14% and 0.47% if the temperature
rises by 1°C for the photovoltaic cells [15]. Total-Cross-
Tied (TCT) is the best configuration for symmetrical array
size [16], [17], [18]. Degradation rates are less than 0.6%
in the first three years, while in the next two years, the
degradation rates almost increased by 40% [19]. Power out-
put decreases by up to 60-70% [20], when temperature
and humidity, are combined with dust allocation. With the
increase in temperature, the Voc value decreases fast, and
the current has negligible change. In contrast, the increase in
irradiation has more effect on the Isc value of the panel [21].
Shading significantly impacts the solar panel by decreasing
its overall performance. A bypass diode is used in parallel to
avoid damage to the cell/panel/model [22]. Few researchers
have given some solutions to improve the efficiency of the
panel, by using the colling technique [11], cleaning the pan-
els properly [11], allowing airflow gaps [12], changing the
configuration of the panel [18], Avoid Shadows [22], adding
a PCM layer [23], Anti-reflective coating [24], changing the
optimal angle of the solar collector [25] and Schedule Preven-
tive Checks these all solutions can increase the efficiency of
the PV generation. Table 1 represents the finding of research
done in this field of diode model and performance analysis.

A selection of diode models and factors affecting PV
module performance is investigated in this research paper.
The paper is organized as follows: Section II represents the
equivalent circuit of different diode models that are based
on the simple mathematical equations in terms of the pho-
tocurrent generated (I,5) by PV cells under illumination., the
saturation current diode (lo), the reverse saturation current
(Irs), and the current through shunt resistor (/). Section II1
gives a basic introduction and briefly explains the factors
affecting PV performance. Section IV provides the simulation
with and results of different modelled diode models. The I-V
and P-V curves of the single, two, and three diode models
are achieved and validated with a 901.2 W-PV panel to test
the performance and to find out the efficient diode model at
STC condition, with this the simulation results for the various
parameters affecting the performance of the PV module are
considered in the paper like, variation in solar irradiation,
module temperature, parasitic resistance, and shading effect
are discussed for single-diode, two-diode, and three-diode
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FIGURE 1. Basic PV cell circuit diagram.

models. Different interconnections are used to find the best
interconnection among them. Section V presents the conclu-
sion of the paper with its future implementation.

Il. PHOTOVOLTAIC MODEL

The PV cell modeling, which primarily associates the analy-
sis of the efficiency curve and the non-linear current-voltage
(I-V) and power-voltage (P-V) characteristics, is one of the
most critical factors determining the PV system efficiency.
According to [6], a current source connected in parallel with
a diode is considered a basic equivalent model of a PV cell,
as shown in Fig. 1. Previous studies by [7] show that the char-
acteristics of the PV module and its efficiency are affected
by non-linear environment conditions. Many mathematical
models for modeling the performance of solar modules under
various operating situations are discussed in [8], and different
solar models are available in research studies [9].

As per [8], [9], and [10], single, double, and three-diode
models can be used to model PV cells. In which photo electric
current (I,,), diode current (I;), shunt resistance (Ryy,), series
resistance (Ry.), and ideality factor (1) are model parameters
that will be used for calculating the PV current and voltage
(Ipy and V).

A. SINGLE DIODE MODEL
It is commonly known as the five-parameters model [10] and
is mainly composed of series-parallel connected resistance
and a diode, as depicted in Fig. 1.

I, can be calculated by using the KCL, which is given as:

Iph —1qg — Iy — Ipv =0 (D
Ipv = Iph —Iq— Iy 2)
Vv 4+ LyxR
Iy, = 2 PV 3)
R
1
Iy = = (4)

VO(‘
exp (q * nSNS*K*T) —1
1 1
T 3 q*Eg() * (m - T)
Ip=15\=—) *xexp
Ty

ng * K
_kxnxT
q

v (&)
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FIGURE 2. Two diode model.

I (se + K (T —298) G (6)

= o * —_ * —

ph sc . 1000
Using Equation (2) to Equation (6), Ipv can be calculated as:

Vpv + IpyRse
Iy =1, ML 7
a = lox [EXP ( NV, ) ] @)
va + IpvRse

Iy = Ipp — Iy * [exp (W -1l (8)

where I, is shunt current, K is the Boltzmann’s constant
equal to 1.38 x10723J/K, ¢ is the electron charge equal to
1.602 x 10719 C, T is Temperature in kelvin, I, is the
module output current, V), is the module output voltage, Ve
is open circuit voltage, I, is the photocurrent generated by
PV cells under illumination, ;, is the saturation current of
diod, I;s is the reverse saturation current, I, is the current
through a shunt resistor, /s is short circuit current, N; is
the number of cells, and V; is the junction thermal voltage.
As per [10], Ry, is connected to account for the voltage drops
and internal losses, were as Ry, is connected to account for
the leakage current.

B. TWO DIODE MODEL

The two-diode model is very similar to the single-diode
model but includes a second diode parallel to the current
source [7], [8], [9], as shown in Fig. 2.

Iy = Ippy — g1 — Lap — Ispy &)
.(V+I%Rs) .(V+I%Rs)

Ly = Iy — Ip1(e "s1*t — Dlgp(e "2t — 1) — Iy, (10)
where I;1 and I;; are diode currents of diode D and D»,
in two diode model, two unknown ideality factors (ns; and
ns2) exist; therefore, the number of parameters increases
which make it a little more complex than the single-diode

model [8], but at lower temperature two diode model can
withstand better, which act as an advantage [9].

C. THREE DIODE MODEL

In the single and two-diode drops highlighted above, internal
losses and voltage drops caused by the inflow of current in
a PV cell are represented in the model by the series resis-
tance [8]. The shunt resistance cares for the leakage current
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FIGURE 3. Three diode model.

to the ground in a practical PV cell. Fig. 3 represents the basic
diagram of the three-diode model [9]. Using the concept of
KCL.

Loy = Lon — Ig1 — 1a2 — 1oz —1 g (1D
(V+I%Rs) (V+I%Rs)
Ly = Ipp — loi(e "s1*"" =Dl (6 ns2Ve —1)
(V4I%Rs)
—Io3 (e ns3*Vi —1) — Iy (12)

Asper [2],[7], [11], [12], [13], [14] the accuracy of the model
depends on the number of solar cells connected in a module,
fill factor, and efficiency [11], [15].

Vin x Ly,

Fill Factor (F.F) = (13)
Voe * Igc
Vit Ly Voo 1
Efficiency () = 2 — Tee® ¢ p g (14)
Pin Pin

Vin 18 maximum power point voltage, I, maximum power
point current, V. is open circuit voltage, I, is short circuit
current, Pj, is input power (product of approximate irradia-
tion and cell area), and FF is filling factor. Equations (13)
and (14) give the relationship between the fill factor and the
efficiency of the PV module.

IIl. FACTORS AFFECTING PV PERFORMANCE
The performance of a PV module depends on many factors
which play an essential role in obtaining the desired out-
put. The factors included in this paper are fill factor [11],
cooling [12], temperature coefficient [13], [14], the material
effect [15], parasitic resistance [13], [14], [20] different inter-
connections [16], [17], [18], degradation of PV module [19],
soiling [11], [12], [13], [14], [20], a variation in solar irradia-
tion [13], [14], [21], the shading effect [13], [14], [20], [22],
module temperature [15], [20], [21], [23], potential induced
degradation [13], [14], [24] and PV module tilt angle [25].
The effect of various factors of single and multi-diode
models is given as follows: -

A. FILL FACTOR

The fill factor (FF) is defined as the maximum power of the
solar cell divided by the product of V,. and I as given in
equation 14 [11]. According to [13], the fill factor is the area
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TABLE 2. The efficiency of Solar cell materials.

Solar Cell Material Efficiency Temperature
Coefficient (%/°C)
Polycrystalline 15-19%, -0.41
Mon crystalline 17-19.5% -0.38
Polycrystalline PERC 17.5-18.5%, -0.3to -1
Monocrystalline PERC 17.5-19.8%, -0.3t0-0.5
Monocrystalline N-type 19.8-20.7% -0.35t0 -0.41
Monocrystalline IBC 24.13% -0.30
Heterojunction (HJC) 24% -0.26

of the widest rectangle that fits in the I-V curve. A lower
fill factor indicates a higher Ry, or lower Ry, and lesser
efficiency. A suitable PV module should have a fill factor
above 70%. Low fill factors are generally caused by high
series resistance [14].

B. MATERIAL EFFECT

Previous studies [13], [14] show that currently, a wide choice
of PV technologies is available in the market with efficiency
and specifications, which helps the user to choose among
them as per their need. Organic PV (OPV) and Concentrat-
ing PV (CPV) technologies are multi-junction and emerging
technologies whose efficiency ranges from 15% to 16%.
Passivated Emitter and Rear Cell (PERC) is a new technique
that adds a dielectric passivation layer to the cell’s rear to
improve energy conversion efficiency. Back interdigitation
(IBC) uses contact energy conversion instead of front contact.
In PERC cells, the entire front of the cell can absorb sunlight,
converting more photons to energy and improving the cells’
efficiency. Based on the type of material used, the efficiency
of the PV cell is given in Table 2 as per the manufactures data
sheets available on the datasheet.

C. TEMPERATURE COEFFICIENT

As per the previous study by [15], the power temperature
coefficient (percent/°C) helps to choose the best manufac-
turer for efficiency and cost. The temperature coefficient of
polycrystalline cells is -0.41 percent/°C, while monocrys-
talline cells have -0.38 percent/°C, monocrystalline IBC cells
have -0.30 percent/°C, while HJC cells have -0.26 percent/°C
as shown in Table 2 with few other. About 85% of the world’s
PV is crystalline silicon. Absolute temperature coefficients
depend on the value of irradiance, and irradiance has little
effect on open-circuit voltage but a lot on I, and pyqy-

D. INTERCONNECTION

The solar photovoltaic array configurations depicted in
Fig. 4(a)-(f) are different interconnections of solar mod-
ules/panels having Series, Parallel, Series-Parallel (SP), Total
Cross Tied (TCT), Bridge Linked (BL), and Honey-comb
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FIGURE 4. (a) Series, (b) SP array, (c) Parallel array, (d) TCT array, (e) BL
array and (f) HC array configurations connections [16].

(HC) [16]. The output voltage and current value can be
changed using these different connections. According to [16],
analysis of different connections using a physical solar
photovoltaic module is not possible because field testing
is expensive, time-intensive, and weather-dependent, so in
most cases, the software is used for analysis purposes [17].
Previous research [16], [17] concluded that the TCT config-
uration outperforms better than the other five setups, but the
interconnections with results were not kept constant for all.
As per [18] TCT is the best configuration for symmetrical
array sizes and HC configuration for asymmetrical array
sizes.

E. DEGRADATION OF PV MODULE

Solar PV manufacturers generally guarantee a 25-year mod-
ule performance life. As shown in Fig. 5, the warranty
curve guarantees 10% degradation in the first ten years and
around 20% in the next 10-15 years. Variable losses and tem-
perature effects contribute to overall PV deterioration loss.
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FIGURE 5. The lifespan graph of typical solar PV modules [14].

Reference [19] compared the manufacturer values to
the observed and found a 0.3 percent acceptable error.
Asper [13], CdTe and CIGS thin-film PV modules deteriorate
more quickly than conventional Si PV modules. Chemical,
electrical, thermal, or mechanical degradation mechanisms
exist in PV modules. Inadequate design, materials, or pro-
duction can cause early PV module deterioration.

F. VARIATION IN SOLAR RADIATION

PV module performance varies significantly under different
irradiance conditions, affecting PV system yield. Several
parameters of a PV module are affected by variations in solar
radiation intensity in terms of /4, and V... The rise in solar
radiation raises the output current until the cell’s temperature
interferes and lowers it. According to [19], [20], and [21], the
rise in cell temperature has a more significant influence on
the voltages than the rise in current.

G. MODULE TEMPERATURE

An increase in solar radiation and atmosphere temperature
raises the PV module’s temperature, whereas a decrease in
wind speed decreases temperature. Increased temperature
causes a minor rise in cell current, but the voltage decreases
faster, resulting in a more significant decrease in power output
(from normalized values at 25°C). As per [19], [20], [21], and
[22], if the cell’s temperature varies from the standard value of
25°C, the current increases and decreases, which changes the
module’s power. According to [23], a temperature increase
of 1°C in silicon cells results in a 0.5% loss in efficiency.
Adding a PCM layer to the PV module’s backside or cooling
its efficiency can be increased by 10% [23]. As per [11]
before cooling the efficiency was 15.72% and after cooling
the efficiency improved to 18%. Fig.6 (a) gives the effect of
cooling on a module showing without and with cooling.

H. SOILING

Dust, sand, and other pollutants can damage a PV module.
Particles smaller than 500 microns make up dust. According
to [14], PV system soiling might result in a 5-17 % annual
power loss. Soiling is a crucial reason for the O&M costs
of PV plants. Cleaning should be done correctly to keep
the module’s performance high. References [11] and [20]
shows that cleaning enhances the power output. After the
dust accumulation the efficiency was recorded as 3.363% and
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FIGURE 6. P-V curve (a) before and after cooling, (b) effect of dust with
and without cleaning [11].
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FIGURE 7. Paths of leakage currents during PID [14].

after cleaning the efficiency improved to 4.14%, as s shown
in Fig. 6 (b) [11].

Dust, humidity, and soling greatly influence PV system
performance, it lowers power output up to 30-70% [20].

I. POTENTIAL INDUCED DEGRADATION
When stray currents induce a gradual loss of power up
to 30%, this is known as Potential Induced Degradation
(PID) [24]. PID mainly occurs due to surface functionaliza-
tion, which promotes recombination and damage to the cell.
PID appears just a few years after a PV system is installed.
The potential differences between some end-string mod-
ules and the module frame are significant. According to
Fig. 7, certain electrons from PV cells can escape and
discharge via the grounded frame [14]; PID also reduces
the P and V,. of a PV module. PID becomes more
noticeable at higher temperatures, and the /. drop increases
with PID. It can be minimized or controlled by using an
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FIGURE 8. Shades are caused by a PV system’s orientation [14].
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FIGURE 9. (a) Series resistance (Rse), (b) Shunt resistance (Ry},) effect on
the I-V curve [14].

anti-reflective coating to avoid the effect of PID. Switching
the polarity and high temperatures to support regeneration can
reduce PID [22].

J. PV MODULE TILT ANGLE

PV modules have to face the true South, not the Northern
Hemisphere’s magnetic South. As illustrated in Fig. 8, the
intensity and duration of sunlight will change substantially
in different directions due to shading. According to [25], the
surface area covered by the sun at 45° is 40% larger, and the
intensity is 30% lower than at 90°.

Depending on the region, optimal tilt angles range from 1°
to 67°. Calculating the optimal tilt angle is possible. Optimal
angles for systems with high solar fraction vary from ® (opti-
mal tilt angles) to & +20°.

K. PARASITIC RESISTANCE

The shunt resistance (Ry,) is responsible for the leakage
current. Ry, is the parasitic resistance. Resistances increase
heat losses (I°R losses) and reduce PV cell efficiency. Fig. 9
represents the effect of series and shunt resistance on the I-V
curve, which shows that the reduction of area under the curve
reduces fill-factor; hence, cell efficiency is also affected.
According to [13] and [14], a PV module’s performance is
optimized when Ry, is low, and Ry, is high. These resistance
values are essential for evaluating a PV system’s quality and
performance.

PV module data sheets usually do not include Ry
and Ry, although they may be computed. Table 3 dis-
plays the estimated R;, and Ry, for limited NTPC PV
modules.
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TABLE 3. Ry}, and Rse of PV Cells for NTPC [14].

Location with a power rating Ry./cell (ohm) Rycell
(ohm)
z’;g“szjrwg\t/:anagement Institute 4529 7181
Port Blair (235) Watt 3.674 6.610
Dadri (240) Watt 3.535 7.017
Faridabad (230) Watt 3.818 7.383
Singrauli (240) Watt 3.543 7.15

(a) Arrangement of a bi-pass diode

MPP inPV array
with Bypass Diode "y,

MPP in PV array
'~ without Bypass Diode

M

(b) Shading effect on |-V and P-V curve

FIGURE 10. (a) Arrangement of a bi-pass diode (b) Shading effect on I-V
and P-V curve.

L. SHADING EFFECT

Trees, clouds, nearby buildings, or other things can shadow
certain modules in a PV array. Shaded cells produce less
current than un-shaded cells. A shaded cell that receives more
current than it can handle may get overheated and perhaps
damaged. There should be a gap between the PV modules
determined depending on location and module size to avoid
shading. According to [22], bypass diodes are a typical way
to eliminate shading-induced PV cell hotspots.

The results revealed that 44 % shadowing of the first PV
cells reduced the output power by almost 80%. Fig. 10 (a)
shows a PV module having sixty cells with three bypass
diodes, and Fig. 10 (b) represents the I-V and P-V curves
during partial shade circumstances for polycrystalline PV
modules operation.

IV. SIMULATION AND RESULTS

As discussed in section II, a single, two, and three-diode
model consists of five unknown parameters, i.e., Iy, Ry,
Rse, Ipp, and n, which are utilized for designing the PV
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TABLE 4. Configuration of diode model.

Parameters Symbol Values
Short circuit current of a cell at

25°C and 1000 W/m? ki 0.0032
Open circuit voltage module (V) V. 36.3
Short circuit current module (A) I 7.84
Electron charge (C) q 1.6*10"
Boltzmann's constant (J/K) K 1.389*%10°%
Ideality factor n 1.3

Band gap energy (eV) Ego 1.1
Shunt resistance (Q) R 313.399
Series resistance (Q) Ree 0.3938
Operating temperature (K) Trer 25
Nominal temperature (K) Ta 298
Solar Irradiation (W/m?) G 1000
Number of cells in series Ns 60

Open circuit voltage panel Voe 72.6
Short circuit current panel Ioe 15.68
Maximum Voltage Panel Vinp 60
Maximum current panel Tinp 15.02

model. PV equations from (1)- (12) are used for modeling the
single, double, and three-diode models. Input variables for the
panel are irradiation, temperature, and output in terms of the
current, voltage, and power, which define the performance
of the PV panel in terms of its efficiency. The output of
the different diode models are in term of I, represented by
Equation (8) that, which is the combination of Equation (3),
Equation (4), Equation (5), and Equation (6) that is in terms
of Iy, (shunt resistor current), /(reverse saturation current),
I, (saturation current) and /,(photocurrent generated these
all mathematical Equations are modelled in the simulation
software to get the final output of the panel in terms of 1,
(7) represents the output of the single diode current (I;).

In the case of two diode models, the diode current (/)
values get split into two diode currents (/71 and /;7), as given
in Equation (10). In the three-diodes model, the output cur-
rent is divided into three diode currents (/41, 142, and I43),
as given in Equation (12). By transforming the mathematical
equations, i.e., Equation (7, 10, and 12), a simulation model
is designed as shown in Fig. 11(a), representing the com-
plete diode model of single, double, and three diode models.
The designed sub-system of the PV panel is illustrated in
Fig 11(b), showing the main equations of PV design.

A. I-V AND P-V CURVES AT STC FOR SINGLE, DOUBLE,
AND THREE-DIODE MODELS
A single diode model is designed by considering the cell
parameters given in Table 4 and equations (1)-(8). By con-
sidering equations (9)-(10), two diode model is designed,
and considering equations (11)-(12), three diode model is
designed. PV module is designed for a single module of
60 cells with two series and two parallel modules with a
maximum output power of the 901.2-Watt system.

A complete Simulink model and the result of the diode
models are given in Fig. 11. P-V and I-V characteristics of the
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single, two, and three-diode models are given in Fig. 12 (a)
and Fig. 12 (b). The single-diode model has a maximum
current (I,x) of 15.01 Amp, maximum voltage (Vq) of
60 volts, and maximum power (P,,x) of 901.1 watts, while
the two and three-diode models have P, of 878 watts
and 847.5 watts, respectively. As per the specification, the
maximum power a panel can withstand is 901.2 watts. The
single-diode model has attained the maximum power of
901.1 watts, and the minimum error can be found between
the actual value (as per MATLAB) and the designed model.
Table 5 shows the outcome from the simulation of the diode
models in terms of maximum voltage (Viqy ), current (Iqy ),
and Power (P4« ). The P-V and I-V curves clearly show that
the single-diode variant performs better at STC.

The P4 of the three-diode model is lower than other
variants. The results show that adding diodes decreases the
maximum allowable power taken from a PV cell. At STC,
the efficiency of the single-diode model is 99.9%, two diode
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FIGURE 12. (a) P-V characteristics, (b) I-V characteristics of single, double,
and three diode model models at STC.

model is 97.4%, and three diode model is 94.04%, which
proves that the performance of the single-diode model is
much better than the two and three-diode models.

A model is built to assess the influence of factors on the
P-V and I-V curves of solar modules (Table 4). Fig. 11 shows
simulation models of three diodes, two diodes, and a single
diode constructed in MATLAB 2020a version. Simulation
results are obtained by changing only one parameter at a
time to analyze the effect of other parameters while the other
parameters are kept constant.

B. EFFECT OF TEMPERATURE

Fig. 13 (a), (b), and (c) represents the I-V and P-V charac-
teristics of single-diode, two-diode, and three-diode models
at different temperature. Table 6 gives the voltage, current,
and power values at different temperatures 5°C, 15°C, 25°C,
35°C, and 50°C. From Fig. 13 and Table 6, it can be con-
cluded that with the rise in the value of temperature from
5°C to 50°C, the V4, values decrease at a fast rate, i.e., from
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TABLE 5. Simulation result for different diode models.

Model

Prax (Watt) Vinax (Volts) Imax (Ampere)
Single Diode 901.1 60 15.01
Two Diode 878 60 14.63
Three Diode 847.5 58 14.60

66-54 volts, which means there is a decrease of 0.266 volt/°C
in maximum voltage value, whereas a small change can
be seen in the maximum current value, i.e., decrement of
0.0164 amp/°C (15.02-14.82 amp) and high variation in
the maximum power value, i.e., decrement of 4.044watts/°C
(982-800 watts) with the increase in the temperature. From
this analysis, it can be concluded that maximum voltage
decreases as temperature increases, and minimal fluctuation
occurs in the maximum current value.

C. EFFECT OF IRRADIATION

I-V and P-V curve obtained from the simulation models is
shown in Fig. 14 (a), (b), and (c). It illustrates the irradiation
effect on the single, two, and three-diode models at 100, 300,
500, 800, and 1000 w/m? irradiation values. Table 7 compares
different irradiation values of single, two, and three-diode
models. Table 7 shows that the single-diode model performs
best in terms of Py, Vinax, and Lyax. As per Table 7 and
Fig. 14, it is found that among single, two, and three-diode
models, the maximum power is attained by the single-diode
model at all irradiation values (100-1000w/m?), and from
the analysis, it can be concluded that with the increase
in the value of irradiation from 100-1000w/m? there is an
increase in the Maximum power value of 80.04 watts with per
100w/m? rise in irradiation value. The current value increases
at 0.1367 amp/100 w/m? value. There is very little change
in the maximum voltage value with the rise in the irradia-
tion value (60-62 volts), i.e., 0.02 volts/ 100w/m? irradiation
value. From the analysis point of view, it can be concluded
that irradiation has less impact on the maximum voltage.
In contrast, irradiation has a high impact on current and power
value. With the increases in irradiation, current and power
value increases at a higher rate. The single-diode model has
a better response than the two and three-diode models.

D. EFFECT OF SERIES RESISTANCE (Rse)

The voltage drops increase with current as the series resis-
tance between the terminal and junction voltage increases.
Fig. 15 (a-c) shows the influence of Ry, on I-V and P-V curves
at STC. All models’ output power decreases as Ry, increases.
Variation in Ry, is taken as 0.1, 0.3,0.5,0.9, and 1.5 ohms
at STC condition, and Ry, is 313.399 ohm which is kept
constant. It can be observed from Table 8 and Fig. 15 that
with the increase in the series resistance value from 0.1 to
1.5 ohm, the value of maximum voltage decreases from 64-46
volts, i.e., with the rise of 0.1 ohms in the series resistance
value every time there is a decrease of 12.85714 volts in the
maximum voltage value of single diode model. In contrast,
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TABLE 6. Effect of temperature on PV module.

Temp. Single Diode Two Diode Three Diode
(O P Vi T P Vi s P Vi L
5 982 66 15.02 956.6 64 14.94 905.4 64 14.94
15 940.1 62 14.86 918.4 62 14.8 864.3 62 14.8
20 921.6 62 15.15 899.6 60 14.99 847.8 60 14.99
25 901.1 60 14.87 878 60 14.63 847.5 60 14.63
35 861 58 14.84 842.1 56 15.04 790 56 15.04
50 800 54 14.82 784.1 52 15.08 732.6 52 15.08
TABLE 7. Effect of irradiation on PV models.
Irradiation Single Diode Two Diode Three Diode
W/m2 Pmax Vmax Imax Pmax Vmax Imax Pmax Vmax Imax
100 80.61 60 1.34 78.76 60 1.13 34.01 58 0.58
300 269.6 60 4.349 263.6 60 4.394 216.2 60 3.603
500 456.3 62 7.36 446 60 7.43 397.1 60 6.61
800 725.1 62 11.7 711.1 60 11.85 657.9 60 10.97
1000 901 60 15.01 878 60 14.63 847.5 58 14.60
TABLE 8. Effect of series resistance on I-V and P-V curves.
Ry= 0.1 ohm Rye = 0.3 ohm Rye =0.5 ohm R, =0.9 ohm Ry.=1.5 ohm
Model : -
max Viax  Imax Prax Viax  Imax Prax Vinax  Imax Prnax Viax  Imax Prnax Tinax
Single  966.5 64 15.1 901 60 15.6 875.5 58 15.09  789.9 54 14.63 663 14.41
Two 899.1 60 14.98 878 60 15.58  866.7 58 14.94 789 54 14.61 663 14.41
Three  836.7 60 13.94 8475 58 1471  819.5 58 1413 756.7 54 14.01 641.5 13.36
R, affects both voltage and current values, and there is a decrease in power for all models.
TABLE 9. Effect of shunt resistance on I-V and P-V curves.
Ry, =100 ohm Ry, =200 ohm Ry, =313.3 ohm Ry, =500 ohm
Model
max Vinax Lnax Prax Vinax Tinx Prax Vinax Tinax Prax Vinax Tinax
Single 876.4 60 14.61 894.5 60 14911 901.1 60 15.6 905.4 60 15.09
Two 854.8 60 14.25 871.8 60 14.53 878 60 15.58 882 60 14.7
Three 716.5 58 12.35 798.6 58 13.77 847.5 58 14.71 847.3 58 14.61

With the increase in the value of Ry, Power increases.

the two-diode model has a decrement of 27.14 volts, and
the three diodes have 25.714 volts. From 0.3 to 1.5-ohm
value, the single-diode and two-diode models have the same
maximum voltage value. Initially, from 0.1-0.5 ohm, the
maximum current values have a slight increase in the value,
i.e., 15.1-15.6 amp, and after that, its value decreases from
15.6-14.41 amp for 0.3-1.5-ohm value.

The single-diode model attains the maximum power with
respect to the two and three-diode models, and the maximum
power decreases at a value of 216.785 watts with the increase

VOLUME 11, 2023

of 0.1-ohm series resistance. As per the analysis, it can be
concluded that with the rise in the series resistance value,
there is a decrease in the maximum voltage and power value
at a higher rate, whereas maximum current has significantly
less effect of an increase in series resistance.

E. EFFECT OF SHUNT RESISTANCE (Rg,)

Light-generated current decreases with the decrease in shunt
resistance. The shunt resistor causes a leakage current. Fig. 16
(a-c) shows the effect of shunt resistance on I-V and P-V
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FIGURE 14. I-V and P-V characteristics of (a) single, (b) double, and (c) three diode model models at different Irradiation values.

curves at different shunt resistance values of 100, 200,
313.399, and 500 ohms. Table 9 shows the effective maxi-
mum value at different values of shunt resistance.

From Fig.16 and Table 9, it can be concluded that with
the rise in the shunt resistance from 100-500 ohm, there is
no change in the maximum voltage value. In contrast, max-
imum power and current values increase with the increase
in the shunt resistance value. With the increase in the shunt
resistance, there is an increase of 0.0725 watts/100 ohm
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and negligible change in the maximum current value, i.e.,
0.0048 amp/100 ohm. From the analysis, there is no effect
of increasing the shunt resistance on the maximum voltage
value, and negligible change can be found in the current
value.

F. EFFECT OF SHADING
To determine the effect of shading, a PV model is cre-
ated using the mathematical equations (1)-(12), expressed in
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FIGURE 15. I-V and P-V curves of (a) single, (b) double, and (c) three diode models at different values of Series Resistance.

terms of five parameters for a single-diode model, two-diode
model, and three-diode model. The concept is the same in
all cases, but the diode equations are given in equations (8),
(10), and (11), respectively. To analyse the effect of shading
on the PV module, six irradiation is taken in a range of
200-1000 w/m? for 1-10 sec, and its effect is considered
during that period. Table 10 represents the power and voltage
obtained during the shading effect, and a single diode and
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two diodes follow each other linearly for a few radiations.

Still, the maximum power and voltage values differ in all
three cases.

Fig. 17 and Fig. 18 represent the P-V and I-V curves during
the shading effect for the designed model. It is seen from the
results that even if a small portion suffers from the shading
effect, the PV module fails to generate electricity. Due to
the event of failure, the total power generation of the whole
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FIGURE 16. 1-V curve and P-V curve for (a) Single, (b) Two (c) Three diode models for different values of Shunt Resistance.

PV array is reduced. From the result obtained, it can be said
that the single diode model has a better P-V and I-V curve
during the shading effect at 250C temperature with V,. value
of 72 volts and /. of 15.48 amp, in comparison to the two and
three diode model.

The three-diode model shows a better P,,,; at a lower
temperature at 200w/m2 than the single and two-diode
models. With the decrease in the shading value (200-
1000w/m2), the viuax and P, value increases. Py, value
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increase with 1.06 watt/w/™2 and V4, values increase with
0.0625 volts/w/m?2 for the single diode model. The incre-
ment in the maximum current value is 0.0121 amp/ w/™2.
Maximum voltage remains the same for single, two, and
three-diode values at different shading conditions except at
the lowest and highest value of shading conditions. From
the analysis point of view, with the decrease in the shading
effect, the maximum value of voltage, current, and power
increases.
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TABLE 10. Maximum power, voltage and current obtained during the shading effect.

200 W/m? at 400 W/m?at 600 W/m? at 700 W/m? at 800 W/m? at 1000 W/m? at t >10
E =2 sec t=5 sec t=7 sec =9 sec t=10 sec sec
Eo Puax Vinax Tinax Puax Vinax Tnax Prax Vinax Tax Prax Vinax Tnax Puax Vinax Tnax Prax Vinax Tiax
]SDI;:)%: 53.1 10 5.31 232 25  9.28 379 35 10.8 | 557 45 123 | 773 50 15.46 | 901.1 60  15.01
E\i):)(()ie 53.1 10 5.31 232 25  9.28 379 35 10.8 | 557 45 123 | 773 50 15.46 878 60 15.01
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FIGURE 17. P-V characteristics for Single, Two, and Three Diode models during shading.

TABLE 11. Parameters of a single cell taken for different connection.

Parameters Values
(Single Cell) (Single cell)
Short Circuit Current I 7.34
Open circuit Voltage Ve 0.6
Solar Irradiation G 1000W/m?
Ideality Factor H 1.5
Series Resistance R 0.3938
Energy Gap Ego 1.12
Steady Tolerance le?
Number of Cells N, 36 (total)

G. INTERCONNECTIONS OF CELLS TO FORM AN ARRAY

Series, parallel, series-parallel, total cross-tied, bridge-linked,
and honey-comb are the different types of connections used
in PV modules. Different types of connection arrangements is
shown in Fig. 4. These six different connections are compared
to analyze their effect on maximum power. Table 11 gives the
specification of a single cell, while Table 12 gives the V,, I,
Vinax> Imax, and Ppmqx corresponding to different connections
corresponding to different connections with 36 cells at STC.
The series-parallel configuration is used to create the total
cross-tied configuration. The honey-comb design has the ben-
efits of total cross-tie and series-parallel configuration. The
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TABLE 12. Vo, Isc, Vmax, Imax, and Pmax corresponding to different
connections (36 Cells).

Connect Ve Le Vinax Iimax Prnax
ions (Volts)  (Amp.) (Volts) (Amp.) (Watts)
Series 21.6 7.34 17.976 6.801 122.259
Parallel 0.6 264.2 0.5019 243.498 122.219
S-P 44.04 3.6 2.9916 40.8688 122.264
TCT 44.04 3.6 2.9845 40.9647 122.260
BL 44.04 3.6 3.0121 40.5750 122.216
HC 44.04 3.6 2.9825 40.99 122.257

[-V and P-V curve obtained for all the connections are given
in Fig. 19(a) and Fig. 20 (a), where Fig. 19(b) and Fig. 20(b)
are the magnified views of the curves. A small variation
can be seen in Vi, and Iy4x, maximum power (Ppqy) for
all the connections is somewhat equal at STC condition as
given in Table 12. HC and BL connections have similar I-V
performance as TCT, but the maximum power obtained in BL
and HC is less.

The I-V curve for the BL connection has a smooth response
but the P-V curve is not smooth. Total cross-tied connections
are more accurate in terms of P-V and I-V curves when
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FIGURE 18. 1-V characteristics for Single, Two, and Three diode models during shading.

I-V Curve for Series, Parallel, S-P, TCT,BL and HC Connection
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FIGURE 19. (a) I-V curves for the different connections for single diode
model (b) Magnified view of S-P, TCT, BL, and HC connection.

compared among series, parallel, series-parallel, and total
crosstie connections.

V. CONCLUSION

The mathematical Equation is utilized for single, two, and
three-diode models in this research work to design a mathe-
matical simulation model for different diode models, which is
areplica of the original PV module, by using the correspond-
ing I-V and P-V curves. After comparing the three models,
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FIGURE 20. (a) P-V curve for the different connections for single diode
model (b) magnified view of S-P, TCT, BL, and HC connection.

at STC, it was concluded that the single-diode model had
superior [-V and P-V curves with a maximum power output of
901.1 watts and maximum efficiency of 99.9%, whereas two
and three-diode efficiency is 97.4% and 94.04%, but at lower
temperatures, two and three-diode models perform better, and
it was determined that with the increase in the number of
diodes the P,y value decreases. The performance of the PV
module is dependent on many factors like fill factor, material
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effect, temperature coefficient, interconnections, degradation
of PV module, variation in solar irradiation, module temper-
ature, soiling, potential induced degradation, PV module tilt
angle, parasitic resistance, and shading effect. Many of these
parameters or factors affect the performance by affecting the
voltage and current of the PV module and directly affect the
overall performance and efficiency of the PV module/panel.
In this paper, the effect of temperature, irradiation, shading,
shunt resistance, series resistances, and different connections
are analyzed for single, two, and three-diode models. The
results demonstrate that:

o With the rise in “temperature” from 5°C to 50°C, the
maximum voltage value decreases by
0.266 volt/°C, whereas the maximum current decreases
by 0.0164 amp/°C (15.02-14.82 amp), and the max-
imum power value decreases by 4.044watts/°C (982-
800 watts). The results demonstrate that at lower tem-
peratures, the current remains almost constant, but as the
temperature rises, the current value changes somewhat,
but the large variation can be in the voltage value,
which indirectly decreases the maximum power. A sin-
gle diode has a better response than two and three-diode
models.

« With the rise in irradiation from 100-1000w/m? there
is an increase in the Maximum power value of
80.04 watt/100w/m?> and the current value increases at
0.1367 amp/100 w/m? value, and very less change takes
place in the maximum voltage value, i.e., 0.02 volts/
100w/m? with the increase in irradiation value. The
results show that PV current has a greater influence
when irradiation increases and decreases than the volt-
age. A single diode has a better response than two and
three-diode models.

o With the increase in the “‘series resistance” value from
0.1 to 1.5 ohm, the value of maximum voltage decreases
by 12.85714 volt/0.1 for a single diode, and maximum
power decreases with the increase in the series resistance
by a value of 216.785 watts/0.1-ohm and the maximum
current value keep increasing to a certain value and then
start decreasing after 0.5 ohms, overall, very negligible
change is found in the current value. Whereas with
the increase in ‘‘shunt resistance’ from 100-5000hm,
there is no change in the maximum voltage value, but
maximum power increase with 0.0725 watts/100 ohm,
and there is negligible change in the maximum cur-
rent value, i.e. 0.0048 amp/100 ohm. A single diode
has a better response than two and three-diode models.
Both voltage and current levels are affected by Ry, the
current value is mainly influenced due to changes in
series resistance, and the output power increases as R
increases.

o With the decrease in the ‘“‘shading” wvalue (200-
1000w/m2), the P,,,qx value increases by 1.06 waltt/w/m?
and V., values increase with 0.0625 volts/watt/m? for
the single diode model, and the maximum current value
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increases with 0.0121 amp/watt/m?. The maximum volt-
age remains the same for single, two, and three-diode
values at different shading conditions except at the low-
est and the highest value of a shading condition. A single
diode has a better response than two and three-diode
models.

o It is observed that for the single-diode model, the TCT
connection is more accurate in terms of P-V and I-
V curves than series, parallel, and SP. HC and BL
connections have similar I-V performance as that of
TCT, but the maximum power obtained in BL and HC
is less.

The submitted research explained the impact of parameter
variations on the I-V and P-V curves of a designed solar
PV module/panel for 901.2 watts. If a DC-DC converter is
utilized at the model’s output, the power of the cell can be
increased, and smooth curves for various environmental con-
ditions can be obtained. An MPPT controller may be used to
track the maximum power from the panels under various cli-
matic situations. This includes as well as the global maximum
power point of the panel under partial shading conditions.
Experimentally, we can evaluate the impact of irradiance,
temperature, soiling, material, cooling, Module tilt angle, and
degradation of PV module to the extent that a correlation
between hotspots and different connection topologies can be
discovered.
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