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Mehrdad Boroushaki ® In this paper, a simple algorithm based on a two-diode circuit model of the

solar cell is proposed for calculating different parameters of PV panels. The

input parameters required for this algorithm are available from datasheets of
a L the standard PV modules. The values of series and parallel resistances, as well
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(MPPM) in which the maximum power of PV panel is calculated by the model
reaching a minimum error from maximum power proposed in the datasheet.
Unlike the other methods, this method is very straightforward and does not
require any additional information apart from that of the datasheet. The
objective of this paper is to calculate the recombination factor of both diodes in
a two-diode PV model, which then leads to further accuracy of the PV model.
This novelty in the calculations further improves the accuracy of the model. The
simulation is performed in MATLAB, and the effect of altering the temperature
of PV cell and level of radiation on the current, voltage, and output power of
the PV panel is investigated. The accuracy of the simulation is validated by data
extracted from the datasheets of two different PV modules (polycrystalline and
monocrystalline).
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1. Introduction

The ever increasing energy consumption and
limited fossil fuel, globally, necessitates using
renewable energies [1]. A PV cell is an
important device that can directly convert solar
energy into electrical energy. A solar cell
employs a semiconductor platform like Si and
Ge, including a p-n junction which generates
electricity via exposure of the surface to solar
energy [2,3].
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In order to predict the real behavior of PV
under different temperatures and solar
intensities as well as to control and evaluate the
performance of the cell for developing
maximum power point algorithms, it is
necessary to calculate the voltage—current and
power—voltage characteristic curves [4,5]. The
best solution for this purpose is to use a circuit
model of the PV cell. In recent years, different
models including single-diode, two-diode,
three diode, and partial shading have been
employed for investigating the real behavior of
solar cells. The most important factor which
affects the accuracy of simulating the
performance of solar cells is the circuit model.
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The most common circuit models used for
simulations are single-diode and two-diode
models. These models are preferred due to
certain advantages such as accuracy of
obtained parameters, ease of writing code, and
extraction of results [6].

One of the most important parameters in
photovoltaic cells which also affects the
performance of cell is the recombination of the
electrons and holes. This can be minimized by
using a certain material with a longer lifetime
for generated carriers that remove unnecessary
impurities [7,8]. A single-diode circuit model
is formulated by assuming recombination does
not occur in the cell; while in the real PV cell,
recombination occurs and its effects, especially
in low voltages, are considerable [9].
Accordingly, using a model that can predict the
effects of recombination on cell performance
will result in a more accurate analysis of cell
performance. To this end, a second diode is
used in the two-diode circuit model. Using a
two-diode circuit model increases the number
of parameters used in the model. Different
computation methods are proposed for two-
diode circuit model. In most of these methods,
new structural parameters including diffusion
coefficient, minority carrier lifetime, intrinsic
carrier density, and other semiconductor
parameters are added to the model and the
computational burdens are increased. Although
all these models are useful, accessing the
required parameters of these models through
commercial datasheets is impossible [9].

In this paper, a two-diode circuit model of
the PV module based on the maximum power
point matching (MPPM) algorithm proposed in
[9-11] is employed for extracting PV
parameters. The advantage of this algorithm is

Sun light

that it does not require any additional data
apart from what is available in commercial PV
panel datasheets. This paper seeks to determine
the recombination factor of both diodes based
on a novel algorithm, which then further
improves the accuracy of the PV model. The
simulation is performed in MATLAB and the
effect of altering temperature of the cell and
level of radiation on current, voltage, and PV
power production is investigated. Finally, the
accuracy of the obtained values for voltage,
current, and power of the PV is validated with
the experimental data of datasheets.

2. Methodology
2.1. Single-diode circuit model

A single-diode model of a PV cell is shown in
Fig.1. The PV panel is modeled by a current
source and losses caused by conductor and
semiconductor connections are modeled with
two series and parallel resistances [2,12].

According to Kirchhoff’s current law, the
general PV current equation in the single-diode
model is as follows [13]:

=1y —14-1, )

where Iph is the current generated by incident
light, Id is the diode current, and Ip is the
current of parallel resistance.

The diodes’ current is obtained as follows
[14]:

2
I, =|0[exp(%j—l} @

)Iph !

b

—
VWWW———
Rs t
Rp PV voltage

Fig.1. Single-diode model of the PV cell
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where [, is the saturation current, ¢ is the
electron charge (1.6 X 10719 C), Vis the PV
voltage, « is the diode ideality factor, k is the
Boltzmann constant (1.38 x 10723 J/K) , and
T'is the PV temperature.

By applying Eq. (2) to Eq. (1) and
considering current passing through parallel
resistance, the PV current should be as follows

[15]: ,
V + IR,

I=1,—1
on = o |exp ("7
V + IR,

R
D
where R. is the series resistance and R, is the
parallel resistance.

3)

2.2 Two-diode circuit model

A two-diode circuit model of a PV cell is
shown in Fig.2. With constant solar intensity,
the relation between current and voltage is
obtained as follows:

V + IR, @)

I=1,—1 — T )1
ph 701 [exp (al X VTl) ]

I [ (V+IRS>
02 [€Xp @y X Vry
~1]-
p

V + IR,
R

in which, 1/, is the saturation current for
Diodel, /y-is the saturation current for Diode 2,
a; is the Diodel ideality factor, «: is the Diode
2 recombination factor, V7 is the Diode 1
thermal voltage and V7 is the Diode 2 thermal
voltage.

According to Shockley’s diffusion theory,
a; should be equal to one. While «. might
change according to simulation; o affects the
curvature of the -V curve and varying this
value may slightly improve the accuracy of
model.

Equation (4) cannot be solved directly
because the PV current is a function of voltage
and current /=f (1,V). Therefore, in order to

Sun light
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obtain the voltage—current curve, the numerical
solution should be used.

The equation which relates saturation
current of the diode to cell temperature is as

follows [16,17]:
3
T qE, (1 1
lo=1,,| — | exp| —| ———
AT, ak \T, T
where 7, is the nominal temperature (25°C)
and /s, is the nominal saturation current.
Vrin the Eq. (5) is given by:
v, = N KT

q

where /N, is the number of series cells.

E, in Eq. (5) is the energy gap of
semiconductor which is 1.12eV  for
polycrystalline-Si and 1.75e¢V for Amorphous-
Si[18].

In order to calculate the temperature of the
cell in Eq. (6), a nominal operating cell
temperature (NOCT) is used. According to Eq.
(7), the PV cell temperature is related to
ambient temperature and solar radiation level
[19]:

©)

(6)

G (7
T =Ta+%X(TNOCT —20)

where 7, is the ambient temperature, G is the
solar irradiance, and 7wocr is the nominal
operating cell temperature which can be
accessed in commercial datasheets in
centigrade.

Current generated by the cell as a current
source is not exactly short-circuit current. In a
short circuit, a small amount of current is
generated when the cell passes through parallel
resistance, thus:

(®)

+ ISCRS

Rp

where . is the short-circuit current.

L =11, =1

PV current

PV voltage

Fig.2. Two-diode model of the PV cell
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Simplifying Eq. (8), which relates the cell
current to short-circuit current and considering
values of series and parallel resistances, it can
be rewritten as follows.

R, +R,
Iphzlsc R— ©

p

The nominal saturation current used in Eq.
(5) is obtained by Eq. (10):

I — ISC,n
0N ™ expW oo n /ot XV ) -1

where .. is the nominal short-circuit current,
Vien 1s the nominal open-circuit voltage, and
Vr. is the nominal thermal voltage.

The proposed model for the relationship
between saturation current of diode and
temperature in Eq. (5) can be improved as
follows [10]:

Iscn+k|(T _Tn)
Iy = ' (11)
expV,. . +k, T =T )/ aV;)-1

where 4 is the short-circuit current coefficient
and kv is the open-circuit voltage coefficient.
Eq. (11) wuses wvoltages and temperature
coefficients as can be accessed in commercial
datasheets, instead of semiconducting and
structural parameters of the cell.

The electrical current of the cell is related to
the radiation energy of the sun linearly and its
relationship with radiation and temperature is
written as follows [20]:

G
Lo =[ Lo+, T —Tn)]G—
n

where /.. is the nominal current generated by
incident light and G, is the nominal solar
irradiance.

For simplification, the saturation currents
are considered to be equal in both the diodes

[9:

(10)

(12)

_ [Isc,n+kl(T _Tn)]
Cep{V,,, +k, T -T)]IV, }-1

As mentioned before, all the parameters
employed in the two-diode model except R,
R, a, and a. can be accessed from the
commercial PV datasheets.

01 02

(13)

2.3. Maximum Power Point Matching
(MPPM) algorithm

The values of a/ and o are assumed to be one
and two, respectively. To increase the accuracy
of the model, the value of a. will be later
modified. In order to calculate values of R, and
R,, the MPPM algorithm is used. According to
this algorithm, the model calculates the
maximum power of the PV panel based on the
minimum error from the maximum power
proposed in the datasheet. The maximum
power point of a typical PV on the current—
voltage curve is shown in Fig.3.
The electrical power at the maximum point
is obtained as follows:
(14)

P

=V
V.. +1_R

(oo fon (2
(451 T1

Vinp + Ly R
Tl | ey, )7
2 T2

Vmp + ImpRS
- 5 | T UmaxE

max,C

Ry
where P.axc is the calculated peak power, Poas
is the experimental peak power, V., is the PV
voltage at peak power, and /., is the PV current
at peak power.
By solving Eq. (15) for R, the following
equation is satisfied:

sC

R g

Current (A)

Voltage (V)

MPP: P

Fig.3. A typical PV current-voltage curve
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Vo, (Vo +1,,R,)

R =
' (Vmp [Iph _Idl.mp _IdZ‘mp:|_Pmax,E)

in which, current of Diodes 1 and 2 at
maximum power point are calculated as
follows:

L = {exp(\Mj 1} (16)
dimp — "01 -
oy XNVq,

V. o+l R (17)
Id2,mp = |02 |:exp(mp—mpsj_1:|

oy XN,

(15)

By increasing R, at each iteration, R; is also
increased according to Eq. (15), and both
values are used to calculate maximum output
power (Eq. 14). R, varies until maximum
output power of the PV (Puxc) becomes equal
to maximum power presented in the datasheet
(Pmaxe). The initial values of series and parallel
resistances are given below:

R, =0; (18)
Rp _ Vmp _Voc,n _Vmp
I sc,n I mp I mp
The algorithm of this method is shown in
Fig.4.

According to the algorithm shown in Fig.4,
the parameters of the datasheet including:
open-circuit voltage (V,.), short-circuit current
(I4.), the voltage at maximum power (Vmp),
current at the maximum power (Imp), short-
circuit-current coefficient (K;), open-circuit
voltage coefficient (Ky) , and experimental
power point (Pp,,.5) are first entered into the
running code. Then, the saturation current of

the diodes is calculated according to Eq. (13) at
the standard temperature. The only remaining

parameters for the calculation of PV current
(Eq. (4)) are R, and R, By initializing the
series resistance and calculating the parallel
resistance, according to Eq. (15), it is possible
to calculate the PV current and voltage,
simultaneously for different R. values. The
desirable values for Rs and R, are indicated at
the point at which maximum power calculated
by the algorithm has a minimum error from
maximum power provided by the datasheet.
After running the algorithm once, the values of
R, and R, are obtained and used as constant
values in subsequent executions for analyzing
sensitivity.

Fill factor (FF) index is one of the most
important indices for evaluating the quality of
PV cells. This index shows the quadrature of
the I-V curve and its value is obtained using
the following equation.

Prax X100 _ Lmp XY mp 100 (19)

Ise XVoc Ise XVoc

FF (%) =

where P is the peak power and V.. is the PV
open-circuit voltage.

The value of FFis always lower than 100%,
while the value obtained for non-organic cells
is higher than 90% [21].

3. Results and discussions

The PV panel used in the model for validating
the current—voltage is a high-efficiency panel
called the KC200GT. The electrical
characteristics of the two different panels
(polycrystalline and monocrystalline) as well
as the electrical characteristics calculated using
the two-diode circuit models with series and

Datasheet
Parameters Input:
’scu Voo lmpu Vmpl
ki, kv, Ponax e

[I01,I0z2] in Eq. (13)

Calculate STC* Initial
Parameters of: || values of: Rs»

Rp in Eq. (18)

Iterative

Solution of Calculate: P, ~

Err = |Pm,C - Pm,El

I in Eq. (4)

I
Voc RS

Imp
Inputs — Vmp Rp
ky 2

Pmnx,E

Outputs

Increase: R and

Calc. Ry, in Eq. (15)

Print values of
R, ., R, and a;
as the outputs

Fig.4. Schematic diagram (left) and detailed view (right) of the MPPM algorithm
STC*: Standard Test Conditions
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parallel resistances are shown in Table 1. For
the Shell S36 PV panel, in Table 1, the results
are compared with those of the model
presented in Ref. [9]. Regarding the KC200GT
panel, the series resistance with using an error
of calculated maximum power with maximum
empirical power as minimum (Puwc-Puar <
tolerance) is determined at a value of 0.35Q.
Using this series resistance, R, is equal to
233.69Q. The Puuxc calculated for series
resistance of 0.35 is 200.0057W which differs
from empirical power by about 0.0057W
(£rr=0.0057W). At this point, the modified o
is equal to 1.22. The variations of absolute PV
current error in relation to the increase in series
resistance is shown in Fig.5.

The most important illustration analyzing
the performance of PV cells is obtained from
the current—voltage curve as calculated in Eq.

(4). The calculated values of series and parallel
resistances in circuit analysis of the PV panel
for different temperatures and radiations are
considered as constant values.

The numerical solution of Eq. (4) results in
a voltage—current curve as shown for different
temperatures and radiations in Fig.6 and Fig.7,
respectively. Eq. (4) is solved numerically for
0<V <V, and 0<I <I;. As shown in
Fig.6, with an increase in radiation, there is a
proportionate increase in /. (owing to an
increase in the number of photons which enter
the cell causing a proportional number of
electrons to separate), while V.. increases a
little.

The values of PV current calculated by the
circuit model at different voltages varies from
the experimental data of temperature and

Table 1. Electrical Characteristics of the different PV panels calculated by the different models in comparison
with experimental data, A: The model presented in this paper; B: Datasheet data; and C: The model presented in

Ref. [9]
Monocrystalline Polycrystalline
Haemz’l/':glfoow' Shell $36 MSX60 KC200GT

Parameter A B A B C A B A B
%C(v) 45.68 45.68 21.4 21.4 21.4 21.1 21.1 32.9 32.9
L, 5.69 5.69 2.3 2.3 2.3 3.8 3.8 8.21 8.21
Vmp(V) 37.88 37.93 16.54 16.5 16.7 17.1 17.1 26.3426 26.3
]mp(A) 5.279 5.27 2.175 2.18 2.16 35 35 7.5925 7.61
K,4/°0 +0.00047 +0.00047 +0.001 +0.001 +0.001 +0.00065 +0.00065 +0.00318 +0.00318
K, /0 -0.0031 -0.0031 -0.076  -0.076 -0.076 -0.08 -0.08 -0.123 -0.123
N, 72 72 36 36 36 36 36 54 54
RS(Q) 0.40 - 0.9 - 0.89 0.4 - 0.35 -
Rp(ﬂ) 271.77 - 772.78 - 806.4 259.85 - 233.69 -
o 1 - 1 - 1 1 - 1 -
a, 1.195 - 1.1871 - NC 1.225 - 1.22 -
Iph(A) 5.698 - 2.303 - 2.3 3.806 - 8.22 -
Prasxi w) 200 200 36 36 36 60 60 200 200

) 200.016 - 35.9745 - 36.072 59.85 - 200.0057 -

Pmax,C
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Fig.5. The minimum error between computational and experimental powers at a, = 1.22
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Fig. 6. Current—voltage curves of the KC200GT PV panel for different solar irradiances, T=25°C
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Fig.7. Current—voltage curves of the KC200GT PV panel for different cell temperatures, G=1 OOO%
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radiation values. The errors of absolute PV
current of the model presented in this paper
compared with the model presented in Ref.
[18] for the KC200GT PV panel at different
temperature points are shown in Fig.8 and
Fig.9. Table 2 shows the corresponding values
of absolute error for the two mentioned
models. The mean absolute errors presented in
Table 2 for the model proposed in this paper
are less than those of Ref. [18] for both given
temperatures, which further illustrates the high

1

accuracy of the model. As can be seen in Fig.8
and Fig.9, the absolute PV current errors for
the higher voltages are greater in both curves.
Due to the sensitivity of PV current to its
voltage variations in higher voltages, a small
deviation in the voltage and empirical values
results in higher deviation of the current. This
phenomenon can be seen in all the circuit
models which compare calculated values with
experimental results [10,22].

Cell Temp.25°C

09
~
< o3
5 mmmm  Model proposed in this paper
= 0.7
= mmmm Model proposed in Ref. [18]
g 06 ' w
) \
O |
= 04
=%
Ji) 0.3
_=
o 0.2
172
= _
< 0.1 — |
0 5 10 15 20 25 30 35
Voltage (V)

Fig.8. Comparison between absolute PV current errors of the proposed model and Ref. [18] for the KC200GT
PV panel at 25°C, G=1000-"

1.6

14

1.2 mmmm  Model proposed in this paper

1 Model proposed in Ref. [18]

0.8

0.6

04

Absolute PV Current Error (A)

0.2

Cell Temp.75°C

0 5 10

15 20 25 30

Voltage (V)
Fig.9. Comparison between absolute PV current error of the proposed model and Ref. [18] for the KC200GT PV
w
panel at 75°C, G=1OOOE
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By determining / and V at each point on the
curve, the corresponding power can be easily
calculated. The product of 7/ and V at each
point gives the output power of the panel. The
values of power calculated for different
temperatures and radiations are shown in

243

Fig.10 and Fig.11, respectively. As shown in
Fig.10, increasing the level of radiation causes
Praxc to shift upwards. While an increase in the
temperature results in Pu.c to occur in low
voltages at a slightly reduced value (Fig. 11).

Table 2. Absolute PV current error values at different voltages and mean absolute error for the KC200GT PV

panel, A: The model presented in this paper and B: The model proposed in Ref. [18], GZIOOO%

Voltage Y 0 4.3 10 14 181 206 26.2 275 295 30.8 316 MAE!
Absolute A 0.00 0.04 005 0.08 0.13 0.11 0.10 0.29 0.72 087 0.79 0.2891
error at
25°C B 0.00 0.02 005 0.10 0.13 0.14 0.20 0.68 0.87 081 0.68 0.3345
Absolute A 0.00 0.04 0.09 0.12 0.01 0.22 0.40 - - - - 0.1257
error at
75 °C B 0.00 0.05 0.10 0.11 0.05 0.07 112 - - - - 0.2142

220

200
180
160
140
120

100

Power (W)

0 5 10 15

20 25 30 35

Voltage (V)

Fig.10. Power-voltage curves of the KC200GT PV panel for different solar irradiances, T=25°C
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T T T

Teen = 25°C

Teen = 75°C

Voltage (V)

20 25 30 35

Fig.11. Power-voltage curves of the KC200GT PV panel for different cell temperatures, G=1000 %

! Mean Absolute Error
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Altering the values of R, and R, affects FF,
considerably. The closer the value of this index
to one, higher the quality of the PV cell. The
effect of altering the value of R, on FF is
shown in Fig.12. According to the datasheet,
the value of this index for the KC200GT panel
is 74.1%. The wvalue obtained for FF at
R~0.35Q is 74.1%. By increasing R, FF is
reduced and R=0.35Q), which is its minimum
value as shown for the minimum error from FF
presented in the datasheet. As R, increases and
moves further away from the desired value, R,
also increases and affects the PV current, thus
FF increases again moving further away from
the value offered in the datasheet.

4.Conclusion

This paper has proposed a two-diode circuit
model for calculating the parameters of a PV
panel. In order to calculate the parameters of
PV panel, the parameters presented in
commercial PV datasheets and maximum
power point matching (MPPM) algorithm are
used. In this work, we calculated the
recombination factor of both diodes in a two-
diode PV model, to further improve the
accuracy of PV model. The ideal factor of
Diodel is assumed to be constant (a~=1). For
the KC200GT panel, R. and o at which

maximum power calculated by the model has a
minimum error from experimental power are
determined as 0.35Q and 1.22, respectively.
By increasing R. gradually, FF is reduced and
at the series resistance of 0.35£), it reaches its
minimum error from the value presented in the
datasheet. With a further increase in R, FF
increases again and moves further away from
the experimental value. The current—voltage
curves obtained from the numerical solution of
the two-diode model are validated by the
experimental data at different temperatures.
The absolute errors of the model proposed in
this paper are compared with the model
proposed in Ref. [18] for the KC200GT PV
panel at two different temperatures (25°C and
75°C). Comparison between these two models
showed that the absolute errors at most points
of the current—voltage curve in the proposed
model are lower than those of the model
presented in Ref. [18]. Despite the high
accuracy of the model presented in this paper,
the error values are fairly high at high voltages.
The accuracy of the model, especially at high
voltages, may be improved by further reducing
the unit of step in iterations of the running
code. However, reduction in the unit of steps
may considerably increase the running time of
the algorithm.

IRRADIANCE: AM1.5,1kW fm? ,CELL TEMP.25°C

0.84

0.82
~
= == (Calculated by Model
~—~ 0.8
§ E== Datasheet Value =74.1%
5]
(1
[ 0.78
. 0.76 \

0.74

0.72

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8
R (2)

Fig.12. Variations of FF vs. variations of Rs
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