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This paper proposes a new concept to improve accuracy of PV forecasting model. The model was implemented by MAT-
LAB/Simulink software using solar irradiance and module temperature as measurement parameters for calculation. The model
was developed by single-diode equivalent circuits (5-p model) for simulated PV module power output and compared with other
software programs for validation which showed correct PV characteristics. To achieve high accuracy, the model was improved
by weight function using one-year measured data. The accuracy of our developed model was verified by comparison with four
commercial simulator software programs and the results from real system which were measured and recorded for 1 year. It was
found that the model output was in a good agreement with the measured data. This research can be utilized in another area by
adjusting the PV equation with weight function of that area.

1. Introduction

At present, renewable energy has an important role in
meeting the world energy balance. The need for renewable
energy is rapidly increasing in the world, especially the solar
energy resource such as solar cells due to its properties like
being abundant, clean, pollution-free, and sustainable. The
most important steps after installation of photovoltaic system
are checking and maintenance. If we can estimate the energy
production of PV system, it will be available to check the
system fault by comparing the real data with estimated data.
The models to estimate the energy production of PV system
usually start from PV module’s modeling.

Many researchers have provided the models of PV mod-
ule and considered that PV model is mainly affected by the
solar irradiance and module temperature [1]. In addition,
single-diode equivalent circuits (4-p model) are commonly
used in PV models [2-17]. These models have four parame-
ters: photo current source, diode parallel, series resistance Ry,

and shunt resistance Ry,. However, the 4-p model ignores the
effect of shunt resistance (R, ). It was shown in case of current
which is increasing with temperature effect to less accurate
prediction of current than five-parameter model. Then, the
parallel resistance is thus introduced in the model [14, 18-34].
After that, the model was improved for better curve-fitting
and accuracy by two-diode equivalent circuit but increases
the number of computed parameters [35-42].

In this paper, we proposed a new concept to improve high
accuracy of PV forecasting model. The main contribution of
this paper is implementing the PV model by using weight
function which is obtained by one-year measured data. Our
developed model is based on single-diode equivalent circuits
(5-p model) which is simplified and not complicated. The
verification of the proposed forecasting model has been con-
firmed by comparison with four simulator software programs
and measured data in Cambodia. It was found that our
developed model has high precision.
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TaBLE 1: The ideal factor is dependent on PV technology.

List Data
Mono c-Si 1.2
Poly c-Si 1.3
a-Si:H Single junction 1.8
a-Si:H Double junction 33
a-Si:H Tripple junction 5.0
CdTe L5
CIS L5
GaAs 1.3

L, XZ Diode R, Load

FIGURE 1: Photovoltaic equivalent circuit.

2. Mathematical Model of PV System

2.1. One-Diode Equivalent Circuit. Figure 1 shows the PV
equivalent circuit with one diode used in this model. This is
the so-called five-parameter (5-p) model. The model consists
of a photo current (I;,), a diode, a parallel resistance (R,)
expressing a leakage current, and a series resistance (R,)
describing an internal resistance to the current flow and
acceptable levels of accuracy. It is used to estimate the PV
power output, as shown in (1)-(6):
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where I, is photo current (A), I is the leakage current of the
diode (A), g is electron charge (1.602 x 107" C), k is Boltz-
mann constant (1.381 x 1072 J/K), T is actual cell temperature
(K), R, is series resistance (Q)), and Ry, is shunt resistance (Q)
and the ideal factor chosen from Table 1 according to the PV
technology involved.

V:Vm_Bs(Tm_TO)’ (2)

where V,, is maximum voltage (V), B, is temperature coeffi-
cient of voltage (V/°C), T,,, is cell temperature (°C), and Ty is
ambient temperature:

G
Iph = G_f (Iph,ref T e (T - Tref)) : (3)

I, is photo current depending on the solar irradiance and cell

temperature as (3), where G is solar irradiance (W/m?), Gt
is solar irradiance at STC (1000 W/m?), u,. is temperature
coefficient of current (A/°C), Ly, ¢ is photo current at STC

(A), and T, is reference temperature at STC (25°C).
I, is function of module temperature and defined by

3
T E
IO:IO,ref<T_C> eXp[<Z-I§><T1 _TL)] (4)
c,ref c,ref c

Iy et is energy band gap and defined by

q (V +1- Rs) q (_Voc,ref)
=t o (T loser = Lt e\ g ) ®)
@
(V+I-R))
Ry Ry, is defined by
Vi + Lycer - R
Rsh — m ( m,ref s) (6)

2.2. Performance of Simulation Model. In this study, the
RMSE (Root Mean Square Error) technique was used to
evaluate the accuracy. This technique is widely recognized in
many works [43]. The parameter was defined by

RMSE = li <f;y)2 7)

”izl Vi

where the measured data is y; and the prediction data is f;.

Isc,ref - Isc,ref {exp [q (Vm,ref + Im,ref : Rs - Voc,ref)/N ‘K- T]} + Isc,ref {exp q (_Voc,ref)/N ‘K- T} - (Pm/Vm,ref) ‘

3. Evolution of Modeling

Figure 2 shows the structure of PV power system simulation
model with MATLAB/Simulink software. The model used
two main parameters for calculation which has significant
effect on the PV efficiency, namely, solar irradiance and
module temperature. The simulation model was developed by
single-diode equivalent circuits (5-p model) for simulated PV
module power output and compared with other commercial
software simulations to confirm the modeling which showed
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FIGURE 2: Structure of PV system simulation model.

the correct characteristic of PV. After that, to increase more
accuracy, model efficiency was improved by using weight
function which was obtained by one-year measured data as
shown in Figure 3. It was found that by using weight function
with our developed model, the accuracy was very high com-
pared with other simulated model without weight function to
simulate PV power system and verify by comparing with four
software simulators and one-year measured data.

The procedures implemented in improving accuracy of
our developed model are as follows.

Step 1. Calculate the average annual measured output power
(P,,4) and average annual output power simulated (P,;) at one
value of solar irradiance (G) on the day d as follows:

1 5
Py (G) = = 2 P
yd=1

(8)

1 &
Psy (G) = N_ZPsd’
yd=1

where N, is the number of days during the one-year time
period.

Step 2. Created equation in relation with solar irradiance and
average annual measured output power (P,;) and average
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FIGURE 3: Improvement of our developed model with weight
function.

annual output power simulated (P,;). Then, using polynomial
equation for fitting the data is as shown in Table 2:

P (G),P.. (G) = Intercept + A, G + A,G* + A,G*, (9)
my sy P 1 2 3
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FIGURE 4: Schematic diagram and PV system installed in Cambodia.
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TABLE 2: The data used in our developed model.
Parameter Value
Intercept —0.2001
Measured 4, 0.0219
Ay 3.00e - 6
As 3.00e — 9
Intercept —0.4266
Simulated 4, 0.0292
A, 2.00e - 6
As 1.00e - 9
Intercept 227e -1
Weight function Ay 7.30e -3
Ay ~1.00e - 6
As 2.00e — 9

where li)my(G), I%Sy(G) is function of annual PV power output

from measured and simulated, respectively.

Step 3. From (10), the weight function was generated, which
was used to improve the accuracy of model as follows.

Equation (11) shows that the simulated PV power output
used in our developed model (P,) has improved the accuracy

with weight function:
P, =P, (G -Py,(G),

P =P, (G)+P,,

where P, is weighted function.

(10)

(1)

4. Validation Results and Discussion

4.1. System Introduction. In this study, our developed model
is verified by using one-year measured data which was
collected from a PV system installed on the ground-mounted

fixed-array system in Kampong Chheuteal High School,
Kingdom of Cambodia (12°52'55.6" north latitude and
105°04'09.6" east longitude).

The system consists of 112 PV modules, 250 Wp/module;
each string consist of 16 PV modules connected in series and
7 strings are connected in parallel. The PV system has moni-
toring systems to monitor and collect data for all parameters
recorded every 5 minutes. The PV module specifications are
shown in Table 3 and the schematic diagram is shown in
Figure 4.

4.2. Simulation Result. In this study, the model was devel-
oped by simplifying PV equation and comparing with other
simulator software (PVsyst) by varying solar irradiance and
module temperature and plotting the results on I-V and P-V
curves to test for its PV characteristics correctness. After that,
the simulation model was improved in order to obtain high
accuracy by using weight function which was obtained by
one year measured data. Finally, the simulation results of our
developed model were verified by comparing with four soft-
ware simulators and actual measured data.

4.2.1. Simulation of PV Module

(i) Various Solar Irradiance and Constant Temperature. The
simulation results of energy production from PV module
were generated and compared to the simulation of PVsyst
at the solar irradiance which varies 200, 400, 600, 800, and
1000 W/m?* where the temperature of the PV modules was
constant 45°C.

From the results, it was found that the simulated results
of energy production from PV module with the equations (1)
and (3)-(5) have shown the correct PV characteristics. The
PV current is directly proportional to solar irradiance and
voltage was slightly increasing. This can be seen in Figure 5.

Table 4 shows comparison of the simulation results from
our developed model with other software programs at various



International Journal of Photoenergy 5
TaBLE 3: The information of the PV system.
Structure
Rate capacity Angle Azimuth . L
System
Y 28kWp 13.00 South 16 module/string 7 strings in
parallel
Module Company Peak power T, of V,. T, of I,
Solartron 250 W -0.31%/°C 0.05%/°C
TaBLE 4: Comparing the simulation results with other software programs by varying the solar irradiance.
Solar irradiance (W/m?) Other software programs (W) Our developed model (W) RMSE
200 45.38 42.56 0.062
400 90.72 88.52 0.024
600 135.35 135.10 0.002
800 182.09 181.73 0.002
1000 223.93 228.00 0.018
T T T T T T T T T 300 L L S B S B B B
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FIGURE 5: PV module’s I-V curves and P-V curves under difference solar irradiance (module temperature = 45°C).

solar irradiances. It can be seen that RMSE values are very low
in range (0.002 to 0.062).

(ii) Various Temperature and Constant Irradiance. The sim-
ulation results of energy production from PV module were
compared to the simulation of PVsyst at the module temper-
ature which varies 10, 25, 40, 55, and 70°C where the solar
irradiance was 1000 W/m?.

Figure 6 shows the PV module’s I-V and P-V curves for
various module temperatures and constant solar irradiance
of 1000 W/m?. It was found that as the module temperature
increased, the voltage decreased due to temperature coefti-
cient (1) in accordance with technology of the PV.

Table 5 shows the simulation results in comparison with
other software programs at various solar irradiances. It can be
seen that RMSE values are in the range of 0.007 to 0.029.

4.2.2. Simulation of PV System. To verify the accuracy of
our developed model, the simulation results were compared

with the one-year collected data from PV system installed in
Cambodia. First, the daily simulation result was compared
with two weather conditions, namely, sunny and cloudy
days, later monthly simulation results with monthly energy
production of PV system.

(i) Daily PV System Output Simulation. In case of sunny day,
15 Jan 2015, the simulation result and measured data of PV
system on that day are shown in Figure 7. The RMSE value is
very low (0.037) and is lower than the cloudy day case.

For cloudy day, 31 Mar 2015, it was found that the
simulation of PV power curve was matching very well
with measured data and was changing according to solar
irradiance; however, some difference at certain point was
noted due to mismatch of module temperature and solar
irradiance recording equipment’s error. The RMSE value is
0.059, as shown in Figure 8.

The accuracy of our developed model for both cases is
shown in Table 6.
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TaBLE 5: Comparing the simulation results with other software programs by varying the module temperature.

Module temperature (°C)

Other software programs (W) Our developed model (W) RMSE
10 266.54 226.04 0.015
25 250.00 250.16 0.001
40 227.00 233.65 0.029
55 215.26 216.52 0.006
70 197.46 198.81 0.007
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8 % o o °o go - Gfo ooo °
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FIGURE 6: PV modules I-V curves and P-V curves under different module temperature (solar irradiance = 1000 W/m?).

TaBLE 6: Comparison between simulation results on sunny day and
cloudy day.

Months RMSE
Case 1: sunny day 0.037
Case 2: cloudy day 0.059

(ii) Monthly PV Power Output Simulation. Figure 9 shows
the accuracy of our developed model in comparison with 12
months measured data. It is a well-known fact that PV power
production changes according to solar irradiance. From the
result, it was found that the power output was less than PV
installed due to the losses in system such as capture loss, tem-
perature loss, and system loss. In this study, the thermal loss
was included in the model. The RMSE rages from 0.03 to 0.05.

Table 7 shows that the RMSE values are very low,
indicating a very good agreement between simulation results
and measured data.

The results from 12 months of energy production in
Cambodia showed that the average energy production is
3.08 MWh/month and 36.90 MWh/year. As shown in Fig-
ure 10, the accuracy of our developed model has been verified
by comparing its output with four simulators software and
one-year measured data. It was found that the simulation
results of our developed model show the average energy
production is 3.03 MWh/month and 36.38 MWh/year. And

the results from other commercial software simulator
showed that average energy production is 3.44 MWh/month,
3.32 MWh/month, 3.77 MWh/month, and 3.18 MWh/month,
respectively, as shown in Figure 10.

Table 8 shows the accuracy of our developed model
against one-year measured data and other simulator software
results. The RMSE ranges from 0.03 to 0.05 and average
RMSE is 0.04.

From the result, it was found that our developed model
and 4 software simulators tend to change in the same way
from measured data shown the accuracy of PV characteristics
but there was a difference from the perfect graph due to using
weight function which showed a high accuracy compared to

other software simulations.

Our developed model accuracy can be attributed to the
weight function of one-year measured data. Our developed

model can be applied to other areas by adjusting the PV
equation with measured data of that area.

5. Conclusion

This paper proposes the PV model with improved efficiency
through weight function with one-year measured data. The
accuracy of our developed model was confirmed by compar-
ison with four commercial software simulations and actual
one-year measured data. The first model in our study was
developed by generic PV equation and simulation results
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TaBLE 7: The efficiencies of the proposed model.

Months Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Avg.
RMSE 0.05 0.03 0.04 0.03 0.03 0.04 0.04 0.04 0.04 0.03 0.05 0.04 0.04
TaBLE 8: Comparisons of measured data with other simulators and our developed simulated model.

Months Energy production (MWh) RMSE

Jan Feb Mar Apr May Jun Jul Aug  Sep Oct  Nov  Dec  Avg.
Measured 326 295 363 318 343 314 258 294 261 269 321 328  3.08 —
PVsyst 3.95 3.56 3.84 3.68 3.39 3.06 313 311 3.06 3.28 3.49 3.75 3.44 0.13
Homer 3.75 3.43 3.70 3.54 3.27 2.95 3.02 3.00 2.95 3.19 3.37 3.65 3.32 0.10
BlueSol Express ~ 4.11 3.91 4.26 412 3.84 3.45 3.51 3.48 3.37 3.58 3.69 3.95 3.77 0.23
PVWATTS 3.49 3.31 3.85 3.34 3.02 2.92 2.87 2.70 2.89 2.99 3.31 3.49 3.18 0.08
Proposed model  3.37 2.87 3.51 3.04 3.28 3.00 2.49 2.86 2.73 2.79 3.05 3.38 3.03 0.04
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FIGURE 7: Prediction and measured PV power output on 15th Jan 2015 (sunny day).
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FIGURE 10: Simulated and measured monthly PV power output.

were compared with other software. The simulation result of
PV model showed that the PV characteristic is correct and
fits with other software. Later, the model was improved for
accuracy by weight function.

The accuracy of our developed model was verified by
comparison with four commercial software simulations and
the real results from one-year measured data. The result
clearly shows that our developed model has a very high
accuracy. The RMSE ranges from 0.03 to 0.05 and average
RMSE is 0.04, which is less than other simulators software.
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