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ABSTRACT

The performance of PV system strongly depends on normal and environmentally changed condition. In this
paper, the detailed modelings of photovoltaic (PV) cell and module have been studied and performance of PV
cell/module is analyzed using PSPICE simulation software. The experiments are carried on the photovoltaic
cells using I-diode and 2-diode approaches with 4-parameters or 5-parameters model for the condition of
operating temperature and solar insolation. The main interest of the simulation program is to observe the
current, voltage, power of the module at different environmental conditions. Different behavioral study under
varying conditions of solar insolation including temperature, diode model parameters, series and shunt
resistances etc have been achieved. The accuracy and validity of the experimental results is verified by
comparing the results with simulation. The values of open circuit voltage, voltage and current at maximum
power, short circuit current, maximum power, and the effect of series resistance for single-diode PV module at
different temperatures are tested. These results indicate that it is highly essential to develop evaluation and
quantitative characterization approach for a PV system

Keywords: Photovoltaic module, Solar energy, 4-5 parameters model, 1-2 PV diode model, Equivalent circuit
parameters.

1. INTRODUCTION

In the present scenario, the whole world is worried about the future fuels. Since conventional fuels will be almost
finished by year 2050, many scientists are working in the field of non-conventional sources. But, we all know
that all the so-called popular non-conventional fuels are not so powerful. The energy can be classified into
renewable and non-renewable types. Recently non-renewable energy dominates the scene. In this context, solar
energy can provide a very good replacement for other conventional resources. The solar cell is the elementary
building block of the photovoltaic (PV) technology.

PV cell is a device that converts solar energy into electricity by the photovoltaic effect. Assemblies of cells are used
to make solar modules, which may in turn be linked in photovoltaic arrays. The performance of solar cell is
normally evaluated under the standard test conditions (Soto et al., 2006; So et al., 2007).

It is not easy to evaluate and analyze accurately the performance of PV module in the field based on specification
data provided in the manufacturers’ datasheets. Therefore, a detailed simulation model usually needs to simulate the
performance of PV module for changing environmental conditions. These simulation results of PV module would
be applied to verify how technologies such as design parameters, performance improvement of PV system, cost
effective optimal design, fault detection and diagnosis for energy efficiency improvement (Sarhaddi ef al., 2010).

In this study, the detailed modeling of PV cell and PV module are illustrated and the performance analysis is done
by the simulation model of PV system. PSPICE software is used to simulate the PV system under different
conditions. We use a PV module for testing and simulating performance such as KC40REB 40-watts high
efficiency multi-crystalline photovoltaic module. We test the value of open-circuit voltage (V,.), short-circuit
current (/;), voltage at maximum power point (Vy,,), current at maximum power point (/n,,,), maximum power
(Pn) and the effect of series resistance (R;) for 1-diode and 2-diode PV cell at different temperature. These
results indicate that it is very much essential to develop evaluation and quantitative characterization approach for
a PV system. This paper presents an automated tool to provide simulation of solar module by modifying
individual PV cell models.

This paper is organized as follows: Section 2 describes the model of PV module under different diode
approaches. Section 3 explains the four and five parameters model of a PV cell. Section 4 shows the PSPICE
simulation results and their discussions. Finally, section 5 concludes the entire paper.

* Corresponding author: ahmad@eee.kuet.ac.bd KUET@JES, ISSN 2075-4914/02(1&2), 2011



110 Mahmuda Ahmed Tanni and Mohiuddin Ahmad Modeling and Performance analysis ........

2. PHOTOVOLTAIC MODULES

2.1 Photovoltaic Cell

A PV system not only consists of PV modules but also involves good deal of power electronics as an interface
between PV modules & load for effective & efficient utilization of naturally available sun power (Soto ef al.,
2006). A solar cell basically is a p-n semiconductor junction. When it is exposed to light, a current proportional
to solar insolation is generated (Nelson, 2003). Recently, it has been reported that experimental crystalline
silicon solar cells have reached a confirmed efficiency of 24.7% & for commercial cells efficiency is 17-18%
(Ikegami et al, 2001). Experimenting with actual PV cells in the laboratory is often an expensive & time
consuming technique (Duffie and Beckman, 1991). A PV cell is a basic unit that generates voltage in the range
of 0.5 to 0.8 volts depending on cell technology being used (Soto et al., 2006).

2.2 Model of Photovoltaic (PV) Cell

Fig. 1 shows the equivalent circuit of an ideal photovoltaic cell as well as a practical PV cell. The basic I-V
characteristics equation for the ideal PV cell is

qVv
I1=1,-1I, exp[Wj—l (1)

Iy

Eq. (1) does not represent the practical I-V characteristics of PV cell. It includes the series and shunt resistance
with the ideal PV cell which is shown in Fig. 1. Therefore, the -V characteristic equation of a practical PV cell is
given by Eq. (2) and the -V characteristics curve is shown in Fig. 2.

1=1p,,—Io{exp(q(V”RS)]—l}—V”RS o

nkT; Ry,

Here, I, = generated photo-current (A), Jy=reverse saturation current (A), R¢=series resistance (£2), Ry, =shunt
resistance (), n=ideality factor, T,=absolute temperature ("K), g=charge constant (1.602x10"°C), k=Boltzmann
constant (1.38x10"* J/’K), =PV cell output current (A), and V=PV cell output voltage (V). The practical I-V
curve of a PV cell has three important points, such as short circuit (0, /), maximum power point (Vpp, Imp), and
open circuit voltage (V5 0). Equation (2) describes the single-diode model representation of a PV cell. Here
Vi=Va=V+Rl, is the voltage across the diode or Ry,

Practical PV cell

X[ 7]
Y ] -

Figure 1: Single-diode (1-D) model of an ideal photovoltaic cell and equivalent circuit of a practical PV cell
including R, and Ry,
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Current source oc, 0)
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Figure 2: I-V characteristic curve of a practical PV cell
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Figure 3: Equivalent circuit of 2D model of a PV cell

Some researchers have proposed more sophisticated models that present better accuracy and serve different
purposes. For example, (Ahmad, 2003; Gow and Manning, 1999) an extra diode is used to represent the effect of
the recombination of carriers, which is shown in Fig. 3. Taking into account an additional diode, the equation (2)
becomes Eq. (3).

4 V V
I=1, -1y exp —- |=1p =T, qexp| —2- | =10 ——& (3)
17t 2"t Rsh

where, ¥V, =kT /q is the thermal voltage of the cell, 7, and n, represents the ideality factor of D1 and D2

respectively. Equation (2) or Eq. (3) represents the operating equation of I-V characteristics of a solar cell.
Therefore an equivalent circuit of solar photovoltaic module is shown in Fig. 1 and/or Fig. 3. The approximate
model of the PV cell is shown in Fig. 4(a) and it is found by placing Ry,—. The simplicity of the 1-D model
with the method for adjusting the parameters and the improvements proposed in this paper make this model
perfect for power electronics designers who are looking for an easy and effective model for the simulation of
photovoltaic devices with power converters. The simplified model is shown in Fig. 4(b).
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Figure 4: Equivalent circuit model of a PV cell
2.3 Model of Photovoltaic Module

Since a single PV cell produces an output voltage less than 1volt or 2W, it is necessary to string together a
number of PV cells in series to achieve a desired output voltage. Cells connected in parallel increase the current
and cells connected in series provide greater output voltage. If N; cells are connected in series, then the value of
voltage and current of the module may be expressed as:

Lyw =1 1y =1, 1, =1

Rsm :RSNS’ R :Rsth’ vam :NSV

ph > dm

“4)

shm

If the array is composed of N, number of parallel cells the photovoltaic and saturation currents may be expressed
as:

Lyw=N,I,. 1, =N, I, =N, =I

phm p- ph> om pro2>" pvm (5)
Rsm = Rs /Np’ Rshm = Rsh /Np’vam = V
where, the subscript ‘m’ stands for module and V., and 7, stand for voltage and current across the output
terminal of the module, respectively. Therefore, the general equivalent circuit for the solar module using N,
parallel connected cells and N; series connected cells is shown in Fig. 5 and the corresponding current expression
is given in Eq. (6).
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Figure 5: General equivalent circuit of a PV module
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For any given module formed by NsxN; identical cells, the expression of output current using the 1-D model is
given by Eq. (6).

vam + Ipvm Rg

_ Ng Np Ny Ny
Ipvm _Iphm_IOm €Xp v, -1 _{vam"‘RsN_pIpvm]{RshN_p (6)

Complete model of a module where each cell is equivalent to a 2-diode model is given by Eq. (7).

IR IR
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Now, Eq. (6) can be rewritten as Eq. (8).
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Figure 6: General approximate equivalent circuit of a PV module

Usually, the efficiency of a PV module is sensitive to a small change in Rg but insensitive to Ry,. Therefore, for a
PV module Ry is important to consider rather Ry,. In most cases, PV cells are connected in series to form a PV
module in order to obtain sufficient working voltage. An approximate equivalent circuit of a PV module is
shown in Fig. 6. This circuit is governed by Eq. (9).
P N pum+ NRs pm
v =4 phm™{0m -
p p n Vt NS )

The most simplified model of the generalized PV module is shown in Fig. 7. The simplified equivalent circuit is
described by Eq. (10).
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The output power of the solar module can be expressed as P pvm = vam] pvm -
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Figure 7: General equivalent circuit of a simplified PV module

2

3. 4-5-PARAMETERS MODEL

The I-V relationship at a fixed cell temperature and solar radiation for the circuit in Fig. 2 is expressed in Eq. (5).
Five parameters must be known in order to determine the current, voltage, and thus power delivered to load.
These are: (i) light current, I, (ii) the diode reverse saturation current, /o, (iii) the series resistance, R, (iv) the
shunt resistance, Ry, and (v) the ideality factor, n. Since the shunt resistance (Ry,) is infinite, the 5-Parameter
model is reduced to a 4-parameter model. Setting V,,,=0, short-circuit current (/) is obtained. Similarly, V. can
be obtained analytically using Eq. (2) or (8).

For this study, model KC40REB is used and it consists of 32 cells in series. Specification of the solar cell and
module used in this simulation study are given in Table 1.

Table 1: Electrical Specification of KC40REB

Parameters Single Cell Module
Rated power, P 1.25 40W
Voltage at Pmax (V;,,) 0.52 16.5V
Current at maximum power (/) 2.43 2.43A
Open circuit voltage(V,.) 0.6 19.2V
Short circuit current (/) 2.96A 2.96A

We assumed that all the cells of the module are identical. Values of Rg and Ry, are assumed to be constant. The
power at any point of the characteristic curve is given by P =1 . At maximum power point condition, V is equal

to Vimp 1,6, V=V and 1 is equal to Iy, i,e, [=Iy,. From the expression of power the value of V,,, and /,,, was
derived (Castafier and Silvestre, 2002).

4. SIMULATION OF PV MODULE

PSPICE is a circuit simulator that calculates voltage and current in a circuit under variety of different
circumstances and it is used to simulate a circuit-based model for PV cells/ modules. The PSPICE program is
used to simulate the equivalent circuit of a PV cell (Castaiier and Silvestre, 2002). We modify the existing PV
cell netlist to PV module netlist and add necessary parameters. PSPICE’s sub-circuit (Orcad PSPICE, 1999) is
used to model the individual cell and allow variable parameters to fine the model. With the sub-circuit shown in
Fig. 8, parameters such as - n, [y, I, Ry, and R, are tuned to match the characteristics of the PSPICE model that
were obtained for realistic module and specifications supplied by the manufacturer. A call to the sub-circuit is
also shown.

4.1 Vo and Vi, Variation

The experiments are carried on 1-D and 2-D approaches with 4-parameters and 5-parameters model. The main
interest of the simulation program is to observe different behavioral study under varying conditions of solar
insolation, G including temperature, diode model parameters, R, and Ry,.
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*single-diode PV model: cellld.lib**

.subckt CELL1D N- N+ NIC params:area=1, j0=1, jsc=1, rs=1, rsh=1
Isc N- NIC dc {jsc/1000)*v(NIC)*area}

d1 NIC N- diode

.model diode d(is={j0*area}, rs=0.0001, n=1.1)

rs NIC N+ {rs}

rsh NIC N- {rsh}

.ends CELL1D
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** Example of call to subscript**
.include CELL1D.lib
x_cellldON_01 N_02 CELL1D params : area=75.95 j0=3.4e-12
+ jsc=0.0389 rs=0.001 rsh=300
v_isc N_02 0 1000
Figure 8: PSPICE sub-circuit model and code

Model: KC40REB
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Figure 9: Open circuit voltage (V) and voltage at maximum power (V,,) at different temperatures

Table 2: Variation with temperature (KC40REB)

Diode model 1D 2D
Voo (mv/°C) -1.667 -1.68
Vip (mv/°C) -1.667 -1.667
P, (mW/°C) -5.167 47

Fig. 9 shows the V. and V,,, curve at different temperatures using 1-D and 2-D approaches and it is found that
Vo and V,, decreases with increasing temperature and curves are linear. With increasing the number of diodes,
the voltage can be reduced. Table 2 shows the variation of V., V,, and Py, with increasing per degree Celsius
temperature. The results for a single PV cell were illustrated in (Tanni et. al. 2010).

4.2 Power Variation with Temperatures

Fig. 10 and Fig. 11 show the voltage as well as power variation under 1-D and 2-D approaches using PSPICE
probe command. The power levels are different in these two cases. It is observed that power decreases with
temperatures for both cases.
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Figure 10: V-I curve and power curve of a solar cell at different temperatures (1-diode approach)
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Figure 11: V-I curve and power curve of a solar cell at different temperatures (2-diode approach)
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Figure 12: (a) I-V curve and (b) P-V output characteristics at different insolation value

4.3 Effect of G and T on I-V Behavior

PV module parameters vary with environmental conditions with two most important effects from temperature
(T) and solar insolation (G). The response of a photovoltaic cell at different G levels is shown in Fig. 12 (a). Of
course, G has a large effect on I, i.e. the relatively horizontal arm of the I-V curve, while the effect on open-
circuit voltage, i.e. the relatively vertical arm of the curve, is rather weak. Regarding maximum power output of
a photovoltaic cell, it is clear that when the insolation is higher, the cell generates more power, which is shown in
Fig. 12(b). Using PSPICE, the coordinates of the maximum power point (MMP) can be easily found by plotting
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the IxV product as a function of applied voltage. Table 3 shows the values obtained from (Castafier and Silvestre,
2002) compared to the values obtained using PSPICE.

The temperature has also an effect on the output of a photovoltaic cell. Figure 13 shows the I-V curves for
different temperatures and for a constant insolation value. For the figure, it is shown that increasing temperature
causes the voltage to drop at high voltages. Operating the cell in this region of the curve leads to a significant
power reduction at high temperatures. This is a severe problem since the cell is operated at maximum power
point, which is within the region.

Table 3: [ and V,, for several insolation values (Model: KC40REB)
G (W/md) Vip (PSPICE) ~ V,, (Calc.) Iy, (PSPICE) P, (PSPICE)

1000 0.519 0.520 2.825 1.47

800 0.517 0.513 2.246 1.156

600 0.511 0.508 1.6709 0.8545

400 0.495 0.499 1.1296 0.5526

200 0.470 0.477 0.5656 0.2593
3.0

25 - \\\FOOC
2.0 - \ \

t=30\C
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Figure 13: Effect of temperature on I-V curve
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Figure 14: Effect of R, on [-V curve
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4.4 Effect of R; Variation on the Solar Cells

The series resistance is an important parameter for a PV cell as well as PV module. For the same set of insolation
and temperature, R, shows different behaviors on the I-V characteristics which is shown in Fig. 14.

S. CONCLUSIONS

In this paper, the modeling details of PV module were illustrated and the performance of PV module was analyzed
using PSPICE simulation. The experiments were carried out on more accurate photovoltaic modules using 1-
diode and 2-diode approaches with 4-parameters and S5-parameters model. Different behavioral study under
varying conditions of solar insolation including temperatures, diode model parameters and series resistance was
achieved. The values of Vi, Iy, /mp, Vimp, and P, were tested for a PV module that helps for the quantitative
characterization approach for a PV module as well as a PV system.
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