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NOMENCLATURE

Power-Voltage

Current-Voltage

Series resistance

Open circuit voltage coefficient
Parallel (shunt) resistance

Short circuit current

Current passing through R,
Saturation current

Diode ideality factor

Photo-generated current

Voltage across the p-n junction
Thermal voltage of the PV panel
Number of PV cells

Boltzmann’s constant

Electron charge

Temperature

Current passing through the diode
Open circuit voltage

Short circuit current/temperature coefficient
Irradiance on the device surface
Voltage at the maximum power point
Current at the maximum power point
diode constant

Power

Short circuit voltage/temperature coefficient

Error at the maximum power point
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ABSTRACT

Climate change and global warming indicate that reducing the use of traditional fossil energy
and developing new renewable energy should be an essential matter. Solar energy has emerged as
one of the renewable energy sources for electricity generation since the late 20™ century. One way
to utilize solar energy is to collect and convert it into electricity by solar photovoltaic devices
through the photovoltaic effect. Due to the high cost of photovoltaic modules, it is essential to
optimize the performance of photovoltaic modules by using accurate equivalent circuit models.
Among the available equivalent circuit models, the single diode model is relatively simple and
computationally efficient but would be inaccurate if the recombination loss were substantial. The
double diode model includes more parameters to represent the recombination loss, so the accuracy
improves, but at the cost of adding more parameters to the model. The primary challenge of
applying the double diode model is obtaining the optimum value for the seven model parameters
with a reasonable computational effort.

The current study investigates the effect of each term in the double diode model. It then
proposes a method to obtain an initial estimate for each of the seven model parameters from data
provided by the manufacturer. Using these initial estimated parameters as inputs, the Newton-
Raphson method is applied to improve parameter estimates and prediction accuracy. The
performance of two PV modules from different manufacturers is then modeled using the initial
parameter estimates and the Newton-Raphson updated parameters. Both are compared to the

manufacturers’ data.
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1. INTRODUCTION

1.1 Background

Making fire and burning wood were the main energy sources of the first generation of
humans. Engels suggests that the subsequent major developments following from the development
of the meat diet were the control of fire, and the domestication of animals [1]. Due to the rise of
the Industrial Revolution, coal became the most widely used energy source in the mid-17" century.
From the end of the 19" century to the middle of the 20™ century, oil replaced coal as the main
energy source with more advantages such as less pollution and higher energy density [2]. Since
the 1930s, the drawbacks of various fossil fuels have begun to appear, and other new energy
technologies have become increasingly mature and put into use [1].

Climate change and global warming indicate that reducing the use of traditional fossil energy
and developing new renewable energy should be an essential matter. For example, the energy
consumption in the U.S. has been shifting from fossil fuel, hydropower, and wood to biofuels,
geothermal energy, solar energy, and wind energy since the beginning of the 21% century, as shown
in Figure 1-1 [3]. As shown in Figure 1-2, in 2020, renewable energy provided about 11.59
quadrillion British thermal units (Btu) out of the 92.94 quadrillion Btu energy consumption in the
U.S. [3]. About 60% of the total renewable energy consumption in the U.S. was in the electric
power sector in 2020, and 20% of the total electricity generated was from renewable energy
sources [4]. As shown in Figure 1-3, solar energy has emerged as one of the renewable energy
sources for the U.S. electricity generation since the late 20" century, and its contribution to the
total electricity generation has been increasing to about 11% of renewables and 2.3% of the total
U.S. electricity in 2020, which is equivalent to 90.89 billion kilowatthours.

Solar energy includes radiant light and heat from the Sun. As one of the renewable energy
sources, solar energy is widely used in many fields. In particular, solar energy can be used even in
the mountain-ranged region and developing areas [5]. Solar energy is free and does not harm the
environment when it is acquired. However, the shortcomings of solar energy cannot be ignored
such as the amount of sunlight due to cloud cover, time of day, and time of year is variable and the
photovoltaic process has a low rate of energy conversion [6].
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Figure 1-1. Shares of total U.S. energy consumption by major sources in selected years (1776-
2020) [3]
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Figure 1-2. U.S. primary energy consumption by energy source in 2020 [3]
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Figure 1-3. U.S. electricity generation from renewable energy sources (1950-2020) [4]

A photovoltaic device, which is also referred to as photovoltaic cell or solar cell, is a
nonmechanical device that converts sunlight directly into electricity by the photovoltaic effect [7].
The photovoltaic effect, which was first demonstrated by Edmond Becquerel in 1839, is the
generation of voltage and electric current in a material upon exposure to light [8]. A photovoltaic
cell is made of semiconductor material such as doped silicon and its electrical characteristics, such
as voltage, current, and resistance, vary when exposed to light. Figure 1-4 schematically illustrates
the components of a photovoltaic cell and its basic working principle. When sunlight, or photons
containing varying amounts of energy that corresponding to the different wavelengths of the solar
spectrum, strikes a photovoltaic cell, portions of the sunlight reflect on the surface of the
photovoltaic cell, the rest passes through the cell or is absorbed by the semiconductor material.
The absorbed photons excite the electrons from their current molecular/atomic orbital and the
excited electrons travel through the photovoltaic cell until reaching an electrode. Due to the
movement of electrons toward the front surface of the photovoltaic cell, an imbalance of electric
charge between the cell’s front and back surfaces is created. This imbalance in turn creates a
voltage potential. When the cell’s front and back surfaces are connected in an electrical circuit to
an external load, electricity flows in the circuit [7, 8]. A photovoltaic cell is a building block a
photovoltaic system, as shown in Figure 1-5. A single photovoltaic cell can produce a maximum

14



open-circuit voltage of approximately 0.5 to 0.6 volts [10]. Multiple photovoltaic cells integrated
in one plane constitute a solar photovoltaic module. Photovoltaic modules can be connected in
groups to form a photovoltaic array, which can be used to charge batteries in the Direct Current
(DC) mode, or power devices in the Alternating Current (AC) mode with the help of DC to AC

inverters.

energy
from light

transparent
negative
terminal

glass
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(semiconductor)
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(semiconductor)
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from light

Freed electrons
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Figure 1-4. Schematic illustration of a photovoltaic cell and its working principle [7].
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Figure 1-5. Illustration of a photovoltaic system [9]

1.2 Literature review

Photovoltaic systems are one of the promising technologies to collect and convert solar
energy to electricity due to the absence of moving mechanical components and relatively low
maintenance. The photovoltaic modules can be produced using the standard semiconductor
processes with relative minimal facilities [11]. However, due to the high cost of photovoltaic

modules, it is essential to optimize the performance of photovoltaic modules.

To analyze the electrical performance of a photovoltaic module, it is common to use the
equivalent circuit model of the photovoltaic cell. This model has two main characteristics: current-
voltage (I-V) characteristic and power-voltage (P-V) characteristic, both of which characteristics
are nonlinear. An important peak exists on the P-V curve, which is called the maximum power
point. In order to obtain the maximum possible power from a photovoltaic module, it should be

operated at its maximum power point. The output power of photovoltaic modules will be affected

by many external factors such as temperature and solar irradiation.
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Researchers have utilized circuit topologies to develop the equivalent circuit model to
simulate the electrical performance of a photovoltaic module when the environmental conditions
such as irradiance and temperature change [12]. Figure 1-6 demonstrates the ideal PV panel model,
which is by far the simplest model of the photovoltaic cell. The circuit consists of a current source
in parallel to a diode [13, 14]

ZONE 4 v

Figure 1-6. An ideal PV panel model [11]

An improved single diode model, as shown in Figure 1-7, adds two resistances. A series
resistance, Ry, to represent the resistance in the current path through the semiconductor material,
metal grid, contacts, and collecting bus for all of the PV cells in the panel [15-18]. This model is
relatively simple when modeling a photovoltaic module in an environment with stable temperature.
However, the model becomes less accurate when the surrounding temperature varies to a large
extent. It is believed that this deficiency can be eliminated if the open circuit voltage coefficient,
K, , is included in the model [17]. As suggested by many researchers, a parallel (shunt)
resistance, R,,, can be added to the circuit to represent the leakage current of the p-n junction for
all of the PV cells in the panel [19-22]. The corresponding circuit is shown in Figure 1-8. By
adding R,, in the circuit, the number of model parameters increases to five, thereby significantly

enhancing the accuracy of the modeling.
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Figure 1-7. Improved single diode equivalent circuit
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Figure 1-8. Extension of the improved single diode equivalent circuit [11]

Although the improved single diode model is accurate for most of the operating conditions,
it neglects the recombination loss in the depletion region. Such assumption becomes inadequate
when the recombination loss is substantial. Therefore, a second diode is added to the circuit when
recombination in the junction dominates at lower voltages and to improve the inaccuracies of the
single diode model near the maximum power point [23]. Figure 1-9 shows the equivalent circuit

of a double circuit model. As mentioned previously, the addition of model parameters can greatly

18



improve the modeling accuracy, but it also poses challenges when numerically solving the model.
The primary challenge is to accurately estimate the value, or the range, of each model parameter

without compromising the overall accuracy and with a reasonable computational effort [12].
|

—_—

NVWLr

| Ins | In | Ion

(1) _! R, Vp v

Figure 1-9. Double diode equivalent circuit

To accurately and efficiently evaluate the model parameters, previous researchers have
proposed various numerical methods. For instance, Xiao et al. [16] and Matagne et al. [24]
developed an iterative method to estimate the value of the series resistance, R, and the diode
ideality, n, in the improved single diode model, which includes four model parameters, namely
R, n, I (short circuit current), and I, (saturation current). The values of these four model
parameters are further refined by the interpolating technique [18]. If the parallel resistance, R,,, is
considered, other numerical algorithms such as resistive-companion method [19], non-linear least
square optimization algorithm [20], and several other methods [21, 22] can be adopted. More
recently, researchers have utilized artificial intelligence (Al) to estimate the model parameters. For
example, Elshatter et al. have adopted fuzzy logic to model the photovoltaic system [25]. Others
have applied artificial neural networks to model the photovoltaic cells and have produced
reasonably accurate results [26-29]. However, the Al techniques require significant amount of
computational power compared to the iterative method. The computational time drastically
increases as the number of model parameters increase. Another disadvantage of the Al techniques
is that a separate set of data is required for training. The accuracy of the training also depends on
the size of the training data. For simulations with limited number of data sets, the previous iterative

method is recommended.
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Similarly, various computational methods have been proposed for the double diode model.
For instance, Gow and Manning have applied curve fitting technique which proposed by
Levenberg and optimized by Merquardt to construct the 1-V curves [30, 31]. Chowdhury et al.
developed an equivalent Thevenin circuit to estimate the model parameters [32]. Whereas Hovinen
formulated the model parameters as a function of series resistance [33]. One of the disadvantages
of these methods is that new coefficients were added into the governing equations, which would
require more computational efforts to solve.

By acknowledging the deficiencies in the previous methods, other researchers developed
physical based solutions. Several physical characteristics such as the electron diffusion coefficient,
minority carrier’s lifetime, intrinsic carrier density, and other semiconductor parameters [12] have
been considered when describing the double diode model. Methods using this approach include
the irradiance decrease open circuit measured method [34], diffusion-current dominant area (DCA)
and a recombination-current dominant area (RCA) [35], modified double diode equivalent circuit
model [36], and the modified three-diode model for multicrystalline silicon (Mc-Si) solar cells
[37]. The physical-based approach is useful when the physical behaviors of the photovoltaic cell
are required. The main challenge is to evaluate the semiconductor parameters, which are not
always available from the manufacturers’ datasheet [12]. In addition, the aforementioned physical-
based methods assume that the diode ideality factors n; =1 and n, = 2. Although this
assumption has been adopted by most of the researchers, some researchers have assumed that n, =
1and n, > 1.2 [38-42]. Gupta et al. assumed that n; = 1, n, = 1, and R, = oo [43]. Elbaset et
al. have taken a different approach by considering the sum of n, and n, for different solar cells.
They assumed n, + n, = 3 for polycrystalline solar cells and n, + n, = 4 for amorphous solar
cells [44].

1.3 Objectives

As discussed in the previous section, the single diode model is relatively simple and requires
an insignificant amount of computational time, but it would fail if the recombination loss were
substantial. The double diode model was proposed to represent the recombination loss and improve
accuracy, but at the cost of adding more parameters to the model. The primary challenge to
applying the double diode model is obtaining the optimum value for each model parameter while

maintaining a reasonable computational effort.
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Therefore, the current study is intended to develop an estimation method for the parameters
of the double diode model. The approach will be to investigate the effect of each parameter in the
double diode model. Propose a method to obtain an initial estimate for each of the seven model
parameters from data provided by the manufacturer. Using these initial estimated parameters as
inputs, apply the Newton-Raphson method to improve parameter estimates and prediction
accuracy. Model the performance of two PV modules from different manufacturers using the initial
parameter estimates and the Newton-Raphson updated parameters. Compared modeled I-V and P-

V curves to the manufacturers’ data.
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2. METHODOLOGY

In order to plot the current-voltage (I-V) characteristic curve and power-voltage (P-V)
characteristic curve for a photovoltaic panel, an equivalent circuit model is developed. During this
development two equivalent circuit models are developed in this study (i.e., one diode model and
double diode model), which can be used to evaluate the performance of PV cells and the effect of
each component. The simulation is conducted in MATLAB 2020b and Simulink. The inputs of the
model are temperature and irradiance. When studying the influence of the model parameters such
as Rs, Ry, nand I, on the outputs, the standard test environment is assumed: temperature of cell

is 25 °C and the solar irradiance is 1000 W/m?2.

2.1 One diode model

2.1.1 Mathematic model

A photovoltaic (PV) panel is composed of photovoltaic cells connected in series. Each
photovoltaic cell consists of a semiconductor device with a p-n junction [11]. For this reason, the

most basic model for a photovoltaic panel uses a simple diode model, as shown in Figure 2-1.

ZONEES 4 v

Figure 2-1. An ideal PV panel model [11]

Using Kirchhoff’s current law, I, of the PV panel is represented by the following equation:
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V -
=1y —1, [exp <n_llf)r> _ 1] (2-1)
Where L, is the photo-generated current, I, is the saturation current, Vj, is the voltage across
the p-n junction (which is equal to V, the output voltage of the PV panel, for this model), n is the
diode ideality factor (which varies between 1 and 2 depending upon the fabrication process and
semiconductor material and in many cases is assumed to be 1), and V; is the thermal voltage of
the PV panel. V- is determined using [11]:

_ NgkT

T =

. (2-2)
Where Ng is the number of photovoltaic cells connected in series to form the PV panel, k is
Boltzmann’s constant (1.281 x 10723 J/K), T is the temperature in degrees Kelvin (K), and q is
the electron charge (1.602 x 10719 C).

Comparing the I-V curves from the manufacturer of a photovoltaic panel in widespread use
from Trina Solar to those generated using Eq. (2-1) (see Figure 2-2), it is apparent that Eq. (2-1)

cannot represent the characteristics of the PV panel accurately in a low irradiance environment.
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Figure 2-2. Comparison of manufacture’s 1-V curve with the simple diode model under the
irradiance of 200W/m?
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The simplicity of the ideal PV model does enable us to understand the effects of I,,, the

saturation current, and n, the diode ideality factor on the 1-V curves. Figure 2-3 demonstrates the

effect of different values of I, while keeping n fixed at 1. Figure 2-4 demonstrates the effect of

different values of n while keeping I, keeping fixed at 1.3 x 10719,

Current (A)

10

=~ . &y 3 o O

(V5]

I-V characteristic

0 10 20 30 40

Voltage (V)

50

----- Measured

Io=1.5e-10

Io=1.5e-9

Io=1.5e-8

Figure 2-3. Effect of 1, on the simple PV panel I-V Model forn = 1
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Figure 2-4. Effect of n on the simple PV panel 1-V Model for I, = 1.3 x 1071°

From Figure 2-3 it can be seen that the larger I,, the sooner and more pronounced the dip in
the I-V curve. From Figure 2-4 it can be seen that the smaller n, the sooner and more pronounced
the dip in the I-V curve. This information will be useful when determining parameters for the more
complicated models.

A more accurate single diode model, shown in Figure 2-5, adds two resistances. A series
resistance, Ry, to represent the resistance in the current path through the semiconductor material,
metal grid, contacts, and collecting bus for all of the PV cells in the panel [15]. A parallel (shunt)

resistance, R,, to represent the leakage current of the p-n junction for all of the PV cells in the
panel.
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RONE 2 CYRNT

Figure 2-5. Single diode equivalent circuit [11]

Using Kirchhoff’s current law (KCL), Kirchhoff’s voltage law (KVL), and Ohms law, the

following equations can be obtained:

I'=1n—1Ip—1Is (2-3)
Vp =V + IR, (2-4)
Vp = IsuRy (2-5)
Equating Eqg. (2-4) and Eq. (2-5) and solving for I, yields:
Vp V+IR
[p === (2-6)
TRy Ry

I, shown in Eq. (2-3) is the same as Eq. (2-1) [45]:

Vb
Ip =1, (exp n_VT — 1) (2-7)

Substituting Eq. (2-2) and Eq. (2-4) into Eq. (2-7) and substituting Eq. (2-6) and Eq. (2-7)
into Eq. (2-3), the following five-parameter single diode model can be obtained:

q(V+1RS)l } V + IR, (2-8)
nNgkT

Izlph_ID_ISh:Iph_Io{eXpl

2.1.2 Characteristics of 1-V and P-V curves of the single diode model

Figure 2-6 compares the 1-V characteristic predicted by Eq. (2-1) and Eq. (2-8) and Figure
2-7 compares the output power versus voltage, P-V, characteristic predicted by Eq. (2-1) and Eq.

26



(2-8). From Figure 2-6 and Figure 2-7 it is easily seen that the models produce different results

panel.

Current (A)

10

near the maximum power output of the PV panel, which is where one would like to operate a PV

I-V characteristic

,,,,,
LTy

Measured
1
\ Ideal

Single

10
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40 50
Voltage (V)

Figure 2-6. 1-V characteristic of the single diode model and ideal model

P-V characteristic
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4
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Figure 2-7. P-V characteristic of the single-diode model and ideal model
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Figure 2-8 and Figure 2-9 illustrate the effect of R, on the I-V and P-V characteristics. All
the other model inputs are kept constant to isolate the effect of R,,. From Figure 2-8, it is apparent
that R,, determines the slope of the I-V curve before the exponential term in (2-8), due to the diode,
dominates the response. Since the current, I, in Eq. (2-8), is affected by the current, I, in the
exponent, the size of R, also affects the exponential portion of the response. From Figure 2-8, it
is also apparent that as VV increases and I decreases the effect of R, becomes negligible. Note that
while R,, determines the slope of the I-V curve at V = 0, it does not determine the size of the

current at V = 0 (Igy) and does not affect the size of the voltage at I = 0 (V). Furthermore, the

current and the output power are more sensitive to the change of R, when the value of R, is

smaller than 100. When R,, is larger than 300, the outputs are insensitive to the change of R,,.

I-V characteristic

Rp=30
——Rp=70

Rp=110
——Rp=150

Rp=300
——Rp=500

Current (A)

—Rp=750

0 10 20 30 40 50
Voltage (V)

Figure 2-8. I-V curve in response to the change of R,
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P-V characteristic
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©

A~ 150 Rp=300
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0 10 20 30 40 50

Voltage (V)

Figure 2-9. P-V curve in response to the change of R,

Figure 2-10 and Figure 2-11 demonstrate the effect of R, on the I-V and P-V characteristics.
All the other model inputs are kept constant to isolate the effect of R,. From Figure 2-10, it is
apparent that R, affects the slope of the 1-V curve at I = 0 (V) and since it also appears in the
exponential term in Eq. (2-8), due to the diode, R, also affects the exponential portion of the
response. Note that while R, affects the slope of the I-V curve at I = 0, it does not determine the
size of the voltage, V., at I = 0 and does not affect the size of the current, I,., at V' = 0.

Furthermore, the current in the I-V curve is somewhat uniformly sensitive to the change of R;.
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Figure 2-10. I-V curve in response to the change of R; when R, = 750
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2.2 Double diode model

2.2.1 Mathematic model

The double diode equivalent circuit is shown in Figure 2-12. An additional diode is added to
the circuit compared to the single diode model shown in Figure 2-5. The second diode is used
when recombination in the junction dominates at lower voltages and to improve the inaccuracies

of the single diode model near the maximum power point [23].

Ry I
MW

| Iy | Inz | Isn

ol 2N 2N T T

Figure 2-12. Double diode equivalent circuit

Using KCL, KVL, and Ohm’s law, the following equations can be obtained:

I'=1Iyn = Ipy — Ip2 — Isp (2-9)
Vp =V + IR, (2-10)
Vb = IsnRy (2-11)

Following the same process used for the single diode model in Eq. (2-8) with the exception

that each diode has its own saturation current, I,;, and diode ideality factor, n;,

V + IR,
Ip; = Ip; {eXp [q( I\ZkT )l } (2-12)

The following seven-parameter, double diode model is obtained:

I = Iph —Ipy — Ipy — Isp

~ 1 a +IR)| ), aV+IR)]
= o T Lo ) OXP T N T 02 ) XP N\ NGkT

V + IR,
RP

(2-13)
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As shown in Eq. (2-13), the current, I, is affected by I,,, R, Ry, Ip1, 12 11, and n,. The
panel voltage, V, is the dependent variable. The number of cells in the panel, N, is provided by
the manufacturer. The operating temperature, T, is known, and k and g are known constants. The

effect of R; and R, have been discussed in the previous section.

2.2.2 Sensitivity of n,

n, and n, shown in Eq. (2-13) are the diode ideality factors. The values of n, and n, vary in
the literature. Most of the previous works have assumed the value of n, to be unity and the value
of n, to be 2 [46-53]. Some of the researchers assumed that n; = 1 and n, > 1.2, while I,; = I,
[38-42]. Gupta et al. assumed that n; = 1, n, = 1, and Ry, = oo [43]. Elbaset et al. have taken a
different approach by considering the sum of n; and n, for different solar cells. They assumed
n, + n, = 3 for polycrystalline solar cells and n; + n, = 4 for amorphous solar cells [44]. Since
monocrystalline solar cells are being modelled in the current study, the value of n; is assumed to
be unity as suggested by most of the previous works, and the value of n, varies from 1 to 2.

Figure 2-13 (a) and (b) show the variation of the I-V characteristics in response to the change
of n, while keeping I,;, = I,, = 1.3 x 1071%, The current is insensitive to the value of n, until
the voltage is larger than 30 V, beyond which the current starts to decrease at larger voltages as
the value of n, increases from 1 to 2. The difference in the current is evident when the value of n,
is smaller than 1.2, as shown in Figure 2-13 (a). When n, > 1.2, the change of the current at
different values of n, is barely noticeable, as shown in Figure 2-13 (b). Hence, the effect of n, is
to slightly increase the current near the maximum power point as n, increases from 1 to 1.2. After
that, further increase of n, has negligible effect on the current. Increasing the value of n, also
changes the value of the voltage, V, , (I = 0), but does not affect the value of the current, I, ,
(Vv =0).
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Figure 2-13. I-V curve in response to the change of n,: (a) the full range, and (b) enlarged view

Figure 2-14 (a) and (b) show the variation of the P-V characteristics in response to the change
of n,. Similar to the I-V characteristics, the output power is only sensitivity to the value of n, when

the voltage is larger than 30 V. The size and location of the output power also increases as n,
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increases from 1 to 1.2. Once the value of n, is larger than 1.2, the output power is insensitive to

the value of n,.

P-V characteristic
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Figure 2-14. P-V curve in response to the change of n,: (a) the full range, and (b) enlarged view

34



2.2.3 Sensitivity of lo.

The effect of size of n, on the I-V and the P-V characteristics when [,; = I,, was
demonstrated in the previous section, but there is no reason that 1,; must equal I,,.

Figure 2-15 and Figure 2-16 show the variation of the 1-V and the P-V characteristics in
response to the change of I,/I,, for n, = 1and n, = 1.2 for I, fixed at 1.3 x 1071°, A ratio
of 1,,/1,; = 0 is equivalent to the single diode model. A ratio of I,,/1,; = 1 was studied in the
previous section. Since the second diode has a larger n value, which makes its effect occurs at
higher voltage values and be less pronounced than the first diode, only ratios of 1,,/1,; > 1 (i.e.,
1,5, > 1,,) are studied. Increasing I,,/1,, will increase its effect of the second diode on the I-V and

the P-V characteristics.

I-V characteristic
10

To2/101=0
" Io2/Tol=1e7

Current (A)

Io2/1o1=1e8
A Io2/101=1e9

0 10 20 30 40 50
Voltage (V)

Figure 2-15. I-V curve in response to the change of 1,,/1,; forn, = 1.2
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P-V characteristic
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Figure 2-16. P-V curve in response to the change of 1,,/1,, forn, = 1.2

As notetd in Section 2.2.2, for monocrystalline solar cells, which are being modelled in the
current study, the value of n; is assumed to be unity as suggested by most of the previous works,
and the value of n, varies from 1 to 2. Considering larger values for n,, Figure 2-17 and Figure
2-18 show the variation of the 1-V and the P-V characteristics in response to the change of I,,/I,;
forof n, = 1and n, = 1.8.

As the voltage increases from 0 V to 20 V, the change of I,,/1,, has little impact on the
current and the output power. The significance of the ratio of I,, and I,; becomes visible when
the voltage is larger than 20 V. For n, = 1.8, when the ratio of I,, and I, equals 108, the I-V and
the P-V characteristics are almost equivalent to the ideal conditions. However, if the ratio of I,,
and I,, continues to increase, for instance, from 108 to 10?, the effect of the second diode starts
to dominate the response. Thus, the larger the value of n, the larger ratio of I,, and I,; before the
effect of the second diode becomes noticeable. From the figures it is also noteworthy that changing
the ratio of 1,, and 1,; does not change the value of the voltage, V. , (I = 0) or the value of the

current, I, ,atV = 0.
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3. OPTIMIZATION OF MODEL PARAMETERS

The single diode model discussed in chapter 2 assumes that the recombination loss in the
depletion region is negligible [45]. However, this assumption is not adequate for modeling real
solar cells, which have considerable recombination losses. Thus, the double diode model is
recommended by previous works to improve the accuracy [44]. The double diode model includes
more parameters compared to the single diode model. The primary challenge to apply the double
diode model is to obtain the optimum value for each model parameter while maintaining a
reasonable computational effort [45]. In this chapter, the governing equations of model parameters
in the double diode model are discussed and a method for determining their optimum values is

presented.

3.1 Mathematic model

In chapter 2, Eq. (2-13), repeated here for convenience, gives the expression of the current

in the double diode model.

¢V+mg_l_%4w ﬂv+mg_4_v+ms o

I=1,—1
ph ~ ‘o1 leXp n NgkT n,NgkT R

p
Using Eq. (2-2), also repeated here for convenience, a more compact form is obtained:

N.kT
VT = (3'2)
q
(V + IR,) (V + IR,) V + IR
I = Iph - 101 [exp W -1 - 102 exp W - 1] - Rp (3-3)

In Eq. (3-3), Vy is obtained from known constants, the number of photovoltaic cells in series
to form the panel, and the temperature of the panel. Remaining are seven model parameters, L,p,
I1, Io2, 1, My, Rs, and R, that must be determined for proper use of the model. The governing
equations of those parameters will be discussed in this section. In previous works, the light-

generated current, I,,, has been assumed and shown to be linearly related with irradiation and

temperature [55-58] and can be expressed as follows:

G
5h=(5mf+maﬂ5— (3-4)
n
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Where I,,, , is the light-generated current at the nominal condition, i.e., 25 °C and 1000
W/m2, K; is the short-circuit current/temperature coefficient and is provided by the manufacturers,
AT is the temperature difference between the current condition and the nominal condition, G is the
irradiation on the device surface, and G, is the irradiation at the nominal condition. Since we only
have manufacturers data for nominal temperature of 25 °C and thus can only verify our model at
this temperature, for this study we will restrict ourselves to operation at 25 °C. Under this constraint,

Eq. (3-4) reduces to a linear dependence on irradiation:

G
Lon = Tpnn - (3-5)

n

In Chapter 2 it was shown that the terms representing the diodes had essentially no effect at
Isc , (V = 0). Thus at I, Eq. (3-3) at reduces to:

I..R
I = ph — S;ps (3-6)
Solving for L,:
R+ R
Ly = } P Ise (3-7)
P
Since R, > Rg, I,, can be approximated by:
Iph = I (3-8)

As noted in Section 2.2.2, most of the previous works have assumed the value of n, to be
unity and the value of n, to be between 1.2 and 2 [46-53] depending upon the semiconductor
material used for the photovoltaic. Through simulations Mcintosh et al. [45] demonstrates that for
silicon diffused junction solar cells (as modeled in this study) depletion-region recombination in
silicon solar cells can be modelled using n,=1.8.

Taking the derivative of Eq. (3-3) and evaluating at I = I,

101 Iscgs 02 Isc5s 1
YL »orn —Y4 opN _
dl 72 Ay~ 1
JR— = — P = -5 (3-9)
dv|Vv=0 o1 ISC‘I}S 02 ISC‘I}S 1 Rp
1=I —01 o,n —0z 5,n —_
sc 1+RS nlvTe 1 T+Tl2VTe 2 T+Rp

Since all of the terms in in parentheses in the denominator are very small at /. and R, is less

than 1, the 1 in the denominator dominates. At Iy the 1/R,, is much larger that the first two terms
in the numerator and dominates the response. Thus, R,, is approximately the negative reciprocal

of the slope of the I-V curve at I = I, which corresponds to the plots in Figure 2-8. Since it is

39



difficult to obtain the exact slope of the I-V curve at this point, we must determine the slope of the

curve near this point as an initial approximation, but the value of R, will need to be refined.

Taking the derivative of Eq. (3-3) and evaluating at vV =V,

I VOC VOC
mr n,Vr
dl AL Al R,
W V=V - Voc Voc_ (3_10)
1=5’C 1+ R, [ lo1 emVr 4 —02_ 102 en2Vr 4 — 1
n,Vr n,Vr Rp
Voc_
Since 2L em¥r dominates the response at V =V, ., Eq. (3-10) can be reduced to:
1VT
VOC
mr
dl _ anT emiVr
W V=Voc - I Voc (3'11)

Voc

AtV =V, T:’—;Tenl‘/r is approximately equal to I./n,V;. Using this approximation and

rearranging Eq. (3-11), the initial value of R, can be approximated by:
dl

ny Vp
R -
$ av

(3-12)

V=Vpe
1=0

Isc

In Eq. (3-12), I, varies as the irradiance changes, thus the second term changes. As a result,
the initial value of R, changes accordingly at different irradiance.

In Section 2.2.3 the effect of I,, and I,, on the I-V curve were shown. Since I,; and I,,
greatly affect the value and slope of the I-V curve between the maximum power pointand V =V,
two equations and two unknowns can be developed by looking at the I-V curves. Initially it was
desired to use the values and the slope of the I-V curve at the maximum power point, but accurate
values for the slope at the maximum power point were difficult to obtain from manufacturer’s data.
Instead, the value of the I-V curve at the maximum power point and at V,. were used to
approximate I,; and I,,. Evaluating Eg. (3-3) at the maximum power point where the current and

voltage are defined as I, and V,,,:

Voo + LR
Imp = lpn — Iol(Amp - 1) - IoZ(Bmp - 1) - R_mp = (3-13)
p
Where:
Vmp + ImpRs
Amp = €xp (T) (3-14)
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By = exp (%) (3-15)
Evaluating Eq. (3-3)atV =V,., I = 0:
0= by = Iy CAoe = D = on B = 1) = 2 (3-16)
Where:
Ay,e = exp (nlf)lj') (3-17)
Boe = exp (n‘f’;T) (3-18)

The value of I,; and I,, can be easily found by solving Eq. (3-13), Eq. (3-14), Eq. (3-15),
Eq. (3-16), Eq. (3-17) and Eq. (3-18) together. Together with Eq. (3-8), Eq. (3-9), and Eq. (3-12),

the initial values of the seven model parametersi.e., I, Io1, Io2, 1, 12, Rs, and Ry, can be solved.

3.2 Newton-Raphson method

The previous section presents a method to obtain I using seven model parameters, but the
accuracy can be further improved through an iterative process. Among all iterative techniques, the
Newton-Raphson method is one of the most widely used methods due to its efficiency and
accuracy.

The Newton-Raphson method is a root-finding algorithm which produces successively better
approximations to the roots [62]. Figure 3-1 visualizes the iterative process for a single-variable
function f(x). The iterative process starts with an initial guess x,, which should be sufficiently
close to the root. At x = x, , f(x,) and f'(x,) are computed, respectively. f(x,) represents the
value on the f(x) curve when x = x,, whereas f'(x,) is the slope of f(x) at (xo, f(x,)). The
next better approximation is the point at which the tangent line to f(x) at (x,, f(x,)) crosses the
x axis. If this better approximation is referred to as x;, then x; can be determined by the following
equation:

Y f (xo) i
X1 = X f—’ ) (3-19)

Once the value of x; is known, f(x;) and f'(x;) can be found consequently. Similarly, the
next better approximation, i.e., x,, can be found by using the same approach. After nth succeeding

iterations, the (n+1)™ better approximation can be expressed as follows [62]:

41



f(xn)

Xnt1 = Xp —
n+1 n f’(xn)
This process is repeated until the desired accuracy is met.
f(x)

(3-20)

f(x) -——-——-"""fl X3 -’22 X Xo *

Exact root

Figure 3-1. Visualization of the Newton-Raphson method

The current study applies the Newton-Raphson method to numerically solve Eq. (2-13) for

I. To enable the iterative process, Eq. (2-13) is modified as follows:

V + IR V + IR V + IR
f(I)ZIph_Iol[exp( )_1]_102 eXp( >_1]_

nyVr nVr R, (3-21)
—1
The expression of f'(I) can be found by taking the derivative of f(I):
R V+ IRS> R (V + IRS) R
"N =-I — —-—=-1 -
P = oy smmexp (S5) = loe oy eoe (S) — 7 (3-22)

p
After n' succeeding iterations, the better approximation to Eq. (3-21) can be expressed as

follows:

)
e = TG

(3-23)
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3.3 Determination of model parameters

As mentioned in the previous section, the optimum values of the model parameters of the
double diode model are numerically obtained through an iterative process as shown in Figure 3-2..
The main idea behind the method is to match the calculated maximum power point at (V.. Inp)
with the measured maximum power point through an iterative process. The calculated maximum
power point can be expressed as follows:

Pmax,m = Pmax,e

V.. +1 R
= Vyp {Iph — 1, |exp (%) — 1]

(3-24)
Vip + ImpRs> Vip + RsImp
I e L mpTs) g o me - smp
+ [y, |€xXp ( oV ] R,
Rearranging Eq. (3-24) and solving for R,,, yields:
RP
- Vinp + Rslmp (3-25
- Vinp + LR Vonp + ImpR )
Vmplpv - Vmp {101 [exp (%) - 1] + 102 [exp (%) - 1] —} — Pmax,
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Input:
Manufacturer data
Constant: T, G, ny, ny
1., 15 from Eq. (3-13) to Eq. (3-18)
Initial I, from Eq. (3-8)
Initial Rg from Eq. (3-12)
* Initial R, from Eq. (3-9)

) No
Emp > tol?

Yes

. . . -

.

Solve:
* R, from Eq. (3-25)
= [ from Eq. (3-21)-(3-23)
* P from Eq. (3-24)

Pmux,m |

Smp = |Pmux,m - Pmax,r:l

4{ Rs,n+1 = Rs,n + AR_\' |

End

Figure 3-2. Flowchart of the iterative process

At the beginning of the iterative process, manufacturer data and model constants are provided
to the program. The manufacturer data includes I¢, V,¢, Imp, Vinp, Ki, Ky, and Ng. The maximum
power point from the manufacturer can be found by:

Prax.e = Vmplmp (3-26)

The condition to continue or end the process is based on the error between the calculated
maximum power point and the measured maximum power point:

Emp = |Praxm — Praxel (3-27)

If £, < tol, the solutions of the model reach the desired accuracy and the iterative process

is stopped. The solutions and the corresponding I-V and P-V curves are given as the model outputs.
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On the other hand, if &,,, > tol, the solutions of the model are still not the optimum and better
approximations are required. The new R, is obtained by computing Eq. (3-25). Then, the new I is
calculated from the Newton-Raphson method shown in Eq. (3-21)-Eq. (3-23). Finally, the new

Emp 1S evaluated using Eq. (3-27) and the value of R; is increased by a fixed increment. If the new

emp < tol, the iterative process is ended. Otherwise, the aforementioned process repeats.
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4. RESULTS

In this chapter, the performance of two PV modules is modeled using the double diode model
(discussed in Chapter 2) and the model parameter optimization (discussed in Chapter 3). The two
PV modules are selected from two manufacturers, which are Trinasolar and SolarEdge. Based on
the datasheet provided by the manufacturers, the optimum model parameters are obtained. Then,
the 1-V and P-V characteristics of each PV module are modeled and compared with the
manufacturer’s measurements. Finally, the effect of irradiance on the performance of the PV
module is discussed.

4.1 Comparison with Trinasolar

4.1.1 Manufacturer datasheet

Figure 4-1 (a) and (b) show the dimensions of the PV module TSM-PD14 developed by
Trinasolar, one of the global leading providers for PV modules and smart energy solution. The PV
module contains 72 cells, and the power output ranges from 320 W to 340 W with maximum 17.5%
efficiency. The I-V and P-V characteristics of the PV module under different irradiances are shown
in Figure 4-2 and Figure 4-3.
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Figure 4-1. Dimensions of the PV module TSM-PD14 (mm/inch) [63]: (a) back view, and (b)
cross-section A-A.
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Figure 4-2. 1-V curves of the PV module TSM-PD14 (335W) [63]
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Figure 4-3. P-V curves of the PV module TSM-PD14 (335W) [63]

47



Table 4-1 lists the electric data, including short-circuit current, open-circuit voltage,
maximum power point current and voltage, and temperature coefficients, of the PV module TSM-

PD14 (335W) under different irradiances at the standard test environment. The number of series

cells is 72.
Table 4-1 Electrical data of the PV module TSM-PD14 (335W) [63]
Irradiance (w/m?)
1000 800 600 400 200
Short-circuit current Ig- (A) 9.39 7.57 5.67 3.66 1.85
Open-circuit voltage Vy (V) 46.3 45.85 45.24 44.47 43.08
Maximum power current (A) 8.91 7.31 5.42 3.54 1.81
Maximum power voltage (V) 37.6 37.39 37.19 37.39 35.18
MPP (W) 335 266.83 201.53 132.62 63.74
Temperature coefficient of V.
K, = —0.329
(VIC) v o
Temperature coefficient of I
K; = 0.059
(AC) $ 005%
Number of series cells Ny =72

4.1.2 Optimized model parameter

The optimized model parameters for the double diode model under different irradiances are
tabulated in Table 4-2. The optimized model parameters were obtained using the manufactures’
datasheet listed in Table 4-1 and the equations developed in Chapter 3. The resistance Rg and R,
were then refined using the Newton-Raphson method described in Chapter 3. The diode ideality
factors, i.e. n; and n,, were set to 1 and 1.8 respectively.

As shown in Table 4-2, the final values of R, and R, are neither constantly ascending nor
descending as the irradiance decreases from 1000 W/m? to 200 W/m?, as demonstrated by Orioli
and Gangi [64]. The final value of R,, is at least one order of magnitude larger than its initial value,

while the final value of R is near the initial estimated value as expected.
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Table 4-2 Summary of the optimized model parameters for the PV module TSM-PD14 (335W)

Irradiance (w/m?)

1000 800 600 400 200
R, initial value 1327 7073 1752 5885 17144
R,, final value 6.09x10* 6.44x10°® 5.79x10* 542 1.15%10°
Ry initial value 0.10 0.410 0.354 0.489 0.96
R, final value 0.172 0.411 0.398 0.608 0.994
1,,%1010 0.863 1.242 1.305 0.112 0.110
1,,%10° 0.273 3.647 2.427 -0.131 -0.162

Diode ideality factor

n,=1,n,=18,p=2.8

4.1.3 1-V and P-V characteristics

Figure 4-4 and Figure 4-5 compare the manufacturer’s measured 1-V and P-V characteristics

with the calculated characteristics, using Eq. (2-13), in the standard test condition. The calculated

model parameters presented in the previous section were used as the inputs to calculate the

characteristics. The calculated 1-V and P-V characteristics show good agreement with the

manufacturer’s measurements. The current model can accurately predict the I-V and P-V

characteristics within 1% relative difference especially at the maximum power point, at which the

system is desired to work.
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4.1.4 Effect of irradiance

Once the PV panel is installed, the I-V and P-V characteristics are mostly affected by the
solar irradiance. The previous calculation assumes that the irradiance is constant and is kept at
1000 W/m?. Solar irradiance at any location varies due to cloud cover, time of day, and time of the
year. Figure 4-6 shows the U.S. annual average daily solar irradiance; which can be seen varies
with location. In order to study the effect of irradiance on the performance of the PV panel, 5
irradiance values, i.e. 1000 W/m?, 800 W/m?, 600 W/m?, 400 W/m?, and 200 W/m?, were selected.

Model parameters from Table 4-2 were used for the calculations.

Global Horizontal Solar Irradiance :
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s
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Figure 4-6. U.S. annual global horizontal irradiance [65]

Figure 4-7 and Figure 4-8 compare manufacturer’s the measured I-V and P-V characteristics
with the calculated characteristics as the irradiance varies from 1000 W/m? to 200 W/m?. Both the
characteristics calculated using the initial parameters and the parameter values updated using the
Newton-Raphson method match well with the measured characteristics even when the irradiance
changes. Higher accuracy can be seen at voltages before the maximum power point regardless of
the irradiance and the calculation method. The modeled characteristics directly calculated from the
initial parameter values noticeably deviate from the manufacturer’s measured values after the

maximum power point, but the accuracy is significantly improved if the parameters updated using
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the Newton-Raphson method, with the input from the calculated initial values, is applied to the

model.
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Figure 4-7. Comparison between the measured I-V characteristic of the PV module TSM-PD14
and the calculated characteristic at different irradiances
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Figure 4-8. Comparison between the measured P-V characteristic of the PV module TSM-PD14
and the calculated characteristic at different irradiances
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4.2 Comparison with SolarEdge

4.2.1 Manufacturer datasheet

Figure 4-9 (a) and (b) show the dimensions of the PV module SPVV300-60MMJ developed
by SolarEdge, another world leader in smart energy solutions. The PV module contains 60 cells,
and the designed power output is 300 W with maximum 18.3% efficiency. The module is also
integrated with a solar power optimizer, which optimizes energy output by constantly tracking the
maximum power point and mitigates all types of modules mismatch-loss including manufacturing
tolerance and partial shading. The I-V and P-V characteristics of the PV module under different
irradiances are shown in Figure 4-10 and Figure 4-11. It is worth mentioning that the change of

the slope near the maximum power point is not smooth on both of the manufacturer’s plots.

4 X Grounding

1Bsiwndo Bmod

Silicon Sealant
10 mm
< >| Laminate

Wi 591

holes

A0 mm
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Figure 4-9. Dimensions of the PV module SPV300-60MMJ [66]: (a) front view, side view, and
back view, and (b) cross-section view.
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Figure 4-10. 1-V curves of the PV module SPV300-60MMJ [66]
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Figure 4-11. P-V curves of the PV module SPV300-60MMJ [66]
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Table 4-3 lists the electric data, including short-circuit current, open-circuit voltage,
maximum power point current and voltage, and temperature coefficients, of the PV module

SPV300-60MMJ under different irradiances at the standard test environment. The number of series

cells is 60.
Table 4-3 Electrical data of the PV module SPV300-60MMJ [66]
Irradiance (w/m?)
1000 800 600 400 200
Short-circuit current Ig- (A) 9.64 7.66 5.74 3.84 1.95
Open-circuit voltage Vy (V) 39.75 39.41 38.94 38.46 37.40
Maximum power Current (A) 9.2 7.39 5.45 3.67 1.89
Maximum power Voltage (V) 32.62 32.48 33.15 33.00 31.75
MPP (W) 300 240.28 180.66 121.05 60.12
Temperature coefficient of V.
K, = —0.299
(VIC) v o
Temperature coefficient of g
K; = 0.049
(A/C) ' &
Number of series cells N, = 60

4.2.2 Optimized model parameter

The optimized model parameters for the double diode model under different irradiances are
tabulated in Table 4-4. The optimized model parameters were obtained using the Newton-Raphson
method described in chapter 3 with the manufacturers’ datasheet listed in Table 4-3. At the
beginning of the iteration, the initial values of R and R,, were obtained from Chapter 3. The diode
ideality factors, i.e. n; and n,, were set to 1 and 1.8 respectively.

Similar to section 4.1, the final value of R,, is at least one order of magnitude larger than its

initial value, while the final value of R, is near the initial estimated value as expected.
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Table 4-4 Summary of the optimized model parameters for the PV module SPV300-60MMJ [66]

Irradiance (w/m?)

1000 800 600 400 200

R, initial value 1010 1508 835 4053 1877
R, final value 1.918x10* 2.202x10* 1.362x10° 3.942x10° 8.311x10%
R, initial value 0.3197 0.2979 0.3107 0.4253 0.6352
R, final value 0.3267 0.3100 0.3407 0.4383 0.7992

1,,x101° 0.6936 0.6656 0.7085 0.6814 4.197

1,,%10° -0.1112  -5.365 -7.317 -8.095 -2.928

Diode ideality factor n=1n,=18,p =238

4.2.3 1-V and P-V characteristics

Figure 4-12 and Figure 4-13 compare the measured manufacturer’s I-V and P-V
characteristics with the calculated characteristics, using Eq. (2-13) in the standard test condition.
The calculated model parameters presented in the previous section were used as the inputs to
calculate the characteristics. The calculated I-V and P-V characteristics show good agreement with
the measurements. The current model can accurately predict the I-V and P-V characteristics within
1% relative difference especially at the maximum power point, at which the system is desired to
work. As noted earlier the 1-V and P-V plots from the manufacturer’s data sheet were not very

smooth near the maximum power point.
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Figure 4-12. Comparison between the measured I-V characteristic and the calculated
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4.2.4 Effect of irradiance

Figure 4-14 and Figure 4-15 compare the measured I-V and P-V characteristics of the PV
module SPV300-60MMJ with the characteristics calculated using the initial values and the
Newton-Raphson method as the irradiance varies from 1000 W/m? to 200 W/m?. The calculated
characteristics match reasonably with the manufacturer’s measured characteristics under different
irradiances. The predicted characteristics from both methods show some discrepancies near the
maximum power point regardless of the irradiance. In addition, unlike the previous section, the
values of I,,, under different irradiances are all negative, as shown in Table 4-4, which is physically
unrealistic, but does produce models that match the manufacturers curves more closely. It is
possible to force the value of 1,, to be positive by reducing the value of n,. However, the accuracy
of the prediction does not improve even with the positive I,,. One of the possible reasons is due
to the insufficient number of accurate measured data points near the maximum power point in the
manufacturer’s datasheet, as shown in Figure 4-10 and Figure 4-11. If more data points are

provided, the prediction accuracy may be potentially improved.

I-V curves of PV module (SPV300-60MM1I)

12
----- 1000w/ m2
w ] 800w/m2
—_— === @ @000 | e==-- 600w/m?2
N
N\ 0 | memee 00w/m?2
\
L O S S S 1 R 200w/m?2
~ = \ )
< ¥\ IE-2 1000
— ™ 4
E 6 W 3 IE-2 800
D Y — e e - -\
E %, A IE-2 600
\\ \\ “
o A\ U IE-2 400
i
4 - ———— «\\\1 IE-2 200
. K\
% W NR-IE2 1000
% \\ B
% W
_ '\ NR-IE2 800
2 YR\
SN\ NR-IE2 600
\ .
N 118
W\ NR-IE2 400
0 k \_. 110
NR-IE2 200

20 25 30 35
Voltage (V)

Figure 4-14. Comparison between the measured I-V characteristic of the PV module SPV300-
60MMJ and the calculated characteristic at different irradiances
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P-V curves of PV module (SPV300-60MM1J)
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Figure 4-15. Comparison between the measured P-V characteristic of the PV module SPV300-
60MMJ and the calculated characteristic at different irradiances

59



5. CONCLUSION

5.1 Conclusions

Several equivalent circuit models such as the single diode and the double diode model have
been proposed by previous researchers and were discussed in the current study. The single diode
model is relatively simple and requires an insignificant amount of computational time, but it would
fail if the recombination loss were substantial. The double diode model includes more parameters
to represent the recombination loss, but this improvement in accuracy comes at the cost of adding
more parameters to the model. The primary challenge to applying the double diode model is
obtaining the optimum value for each model parameter so as to obtain an accurate model, while
maintaining a reasonable computational effort.

The current study investigated the effect of each term in the double diode model. It then
proposed a method to obtain an initial estimate for each of the seven model parameters from data
provided by the manufacturer. Using these initial estimated parameters as inputs, the Newton-
Raphson method was applied to improve parameter estimates and prediction accuracy. The
performance of two PV modules from different manufacturers was then modeled using the initial
parameter estimates and the Newton-Raphson updated parameters. Both were compared to the
manufacturers data.

The modeled I-V and P-V characteristics of the PV module TSM-PD14 using the initial
parameter estimation method noticeably deviated from the measured values after the maximum
power point, but the accuracy of the model was significantly improved when the initial parameter
estimates were updated using the Newton-Raphson method.

On the other hand, the modeled 1-V and P-V characteristics of the PV module SPV300-
60MMJ using both the initial parameter estimation and the parameters updated using the Newton-
Raphson method both show some discrepancies near the maximum power point regardless of the
irradiance. In addition, the value of I,, becomes negative, which is physically impossible,
regardless of the irradiances. Reducing n, would make I,, positive but increase the inaccuracies
in the model. One possible cause of the errors is an insufficient number of measured data points

near the maximum power point in the manufacturer’s datasheet.
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5.2 Future work

Future research could include the following aspects:

(1) The current study predicts negative I,, under certain circumstances, but the negative
values are not physically possible. Future research can improve the current model by constraining
the value of I,,, to be positive while varying n; and n, and updating /,, and I, in addition to R,
and R,,.

(2) In the current study, I,, and I,, were determined by evaluating | atV =V, and V =
Voc. Initially it was desired to use I and the slope of | at V = V;,,,,. This was not possible due to the
insufficient number of the measured data points near the maximum power point in the
manufacturers’ datasheet. Using the manufacturer data curves, the slope of the I-V curve varied
greatly between points near the maximum power point, and values of the slope were very sensitive
to small changes in the estimates of the data points. Future research can improve the current model
by evaluating the derivative of | at the maximum power point with sufficient number of the
measured data points.

(3) Future research can evaluate and compare the accuracy of different iterative methods.
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