INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
B. Banupriya et al., Vol.7, No.1, 2017

Assessment of Simulation Modelling and Real-Time

Measurements for 3.15 and 17.28 kWp Solar
Photovoltaic (PV) Systems in Malaysia

Banupriya Balasubramanian**, Azrul Mohd Ariffin*, Samer Husam Al-Zubaidi *,**

*Center for Renewable Energy (CRE), Universiti Tenaga Nasional (UNITEN), Jalan IKRAM — UNITEN, Kajang, Selangor,
Malaysia

**M+W Group, San Diego, California, United States

(backiabanu@gmail.com, Azrula@uniten.edu.my, samer86h@yahoo.com)

tCorresponding Author; Banupriya Balasubramanian, Center for Renewable Energy (CRE), Universiti Tenaga Nasional
(UNITEN), Jalan IKRAM — UNITEN, Kajang, Selangor, Malaysia, Tel: +03-8921 2020, backiabanu@gmail.com

Received: 25.09.2016 Accepted: 28.11.2016

Abstract- The aim of this research work is to develop a portable simulation system that can measure ambient temperature (T2)
and solar irradiance (G) in real time, and then compute the energy that can be generated from a pre-defined PV system using
these measurement data via a built-in graphic user interface (GUI). In constructing this system, a simulation modelling of PV
output based on cell temperature and solar irradiance has been developed. The model was based on the first principles of
representing a solar module with an equivalent circuit that takes into account the cell temperature, solar irradiance and all other
parameters related to the cell. The accuracy of this simulation system was then being validated using the solar panel
manufacturer’s datasheet and also two PV systems that are available; 3.15 kWp solar PV rooftop system and 17.28 kWp solar
PV carport system. Good agreements have been found between the simulated results and the measured field data. The
developed simulation system can be potentially used in forecasting the power output generated by a solar module at a specific
location without the need for actual installation.

Keywords Portable simulation system; Graphic user interface; UNITEN; Solar PV rooftop system; Simulation modelling; Cell
temperature.

1. Introduction modules under real operating conditions is of great
importance in determining their performance [4, 5].

PV array in a photovoltaic system is the crucial and most
expensive part in producing electricity [1]. However the PV
array performance depends on climatic, operating and design
parameters such as ambient temperature, solar radiation
intensity, cell temperature, overall heat loss coefficient,
open-circuit voltage, short-circuit current, maximum power
point voltage, maximum power point current and array area
[2, 3]. The technical data provided by the manufacturers may
not necessarily describe the performance of photovoltaic
modules at a particular site because the climatic conditions
can differ dramatically from the standard test conditions.
This may lead to over or under estimation of energy
production in real working conditions. Therefore, the
knowledge on the characteristics of solar photovoltaic

Due to the above mentioned reasons, the demand on
simulation scheme and operational technologies of
photovoltaic systems and devices have also increased [6].
Modelling of photovoltaic cells could be beneficial in
predicting the important characteristics of solar photovoltaic
modules under real operating conditions. This paper utilizes
the single diode model in the simulation modelling of PV
cells with various solar module technologies incorporated.
Influence of solar irradiation and ambient temperature to the
performance of solar cells was simulated and analyzed. The
developed model was then validated with manufacturer’s
technical data sheet and also with two installed solar PV
systems at Universiti Tenaga Nasional (UNITEN).
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2. Methodology

2.1. Modelling of Solar PV Output

The first task in developing the portable system to
predict the energy that can be generated by a solar PV system
is to come up with the simulation modelling. The model was
based on the theories related to the circuit equivalent that can
represent the principles working of a solar PV system. In
simulating the output, the solar PV system needs to be
defined first in the model. The definition includes the type of
PV cell under study, its electrical characteristics, the number
of panel used for the system, the configuration of these
panels, so on and so forth. Once the PV system to be studied
has been defined, the model will then proceed with utilizing
the ambient temperature and solar irradiance measurements
to simulate the solar PV output. The output simulated will be
for a period of time as long as the ambient temperature and
solar irradiance measurements are recorded.

2.1.1. Estimation of Cell Temperature Based on Ambient
Temperature

Since the aim of the simulation tool is to compute the
expected solar PV generation based on real-time ambient
temperature and solar irradiance, it is important to choose the
best estimation formula for the cell temperature. As
explained as follows, that several formulae have been used
by different researchers in establishing the relationship
between the cell and ambient temperatures. Fig. 1 shows the
plot of the simulated cell temperature based on the equations
described below against the actual cell temperature measured
by one of the installed solar PV systems at UNITEN for a
period of five days of measurement data.

As reported in Ref [7-9],
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where T is the cell temperature (°C), T. is the
corresponding ambient temperature (°C), NOCT is the
nominal operating cell temperature (°C) and G is the
irradiance received (W/m?).

As reported in Ref [10],
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where T. is the cell temperature (°C), Ta. is the
corresponding ambient temperature (°C) and G is the
irradiance received (W/m?).

As reported in Ref [11],
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where 1a is the absorptivity of the module. Absorptivity
of a module is defined as the ratio of the total radiation
absorbed by a module to the total amount of radiation
striking the surface of a module. At least ninety percent of
the radiation falling on a module should be absorbed. UL is
the loss coefficient, Tcnoct is the nominal operating cell
temperature given in module specification data sheet, TanocT
is the ambient temperature for NOCT conditions (usually
20°C), Ginoct is the irradiance for NOCT conditions
(usually 800 W/m?) and  is the efficiency of the PV cell.

As reported in Ref [12],
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where mnstc is the efficiency under standard test
conditions, ap is the temperature coefficient of power and
Testc is the cell temperature under standard test condition,
typically 25°C.

As reported in Ref [13],

NOCT — 20
T, =T, + (219 + 832K,) X ———— ®)
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where K; is the monthly clearness index (range between
0.2 for a very overcast climate and 0.8 for a very sunny
climate).

Ideally, it is best to estimate the simulated cell
temperature as close as possible to the actual cell temperature
measured by the PV system itself. As can be seen in Fig. 1,
the accuracy for the equations used to estimate the cell
temperature based on the ambient temperature measurements
varies to different degrees, but it can be said that the
equations presented in Ref [11], Ref [10] and Ref [7-9] give
high accuracy in estimating the solar cell temperature so any
of them can be used satisfactorily in simulating the solar PV
output. For this research work, equation presented in Ref [7-
9] has been chosen as it is deemed as not too simplistic in
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nature but at the same time does not have too many
parameters to assume. In simulating the cell temperature
using this equation also, an error of +5°C was also take into
account, as suggested in Ref [14].

60

a 2808 8
ol [ ‘g”lﬁ" .

+s +33.38810 (111
e NiiMiiHI L "
= LI L b e A
= * e8f%.%,8 . *
@ 50 4'0:'“ B - " .
5 1L It 1] Lt :
e 11 '
] o3B%s 3s I!; ;
E o 2 ¥
E a0 0!'
= . e
&

.
U
s i ll"
il

" -
= 30 B !l
2 !
3 ! _

20 30 a0 S0 &0

Measured Cell Temperature (%)

Fig. 1. Comparing the simulated cell temperature and actual
cell temperature measured by the solar PV system installed at
UNITEN.

2.1.2.  Simulation of Current-Voltage and Power-Voltage
Characteristics

The characteristics of solar PV cells can be represented
using the concept of circuit equivalence. In this research
work, a single diode with a series resistance model (shown
by Fig. 2) was chosen because of its simplicity with less
assumptions needed to be made for certain parameters, and
also its ability to achieve accuracy as high as the more
complex circuit representation of solar PV panel [15, 16].
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Fig. 2. Simple circuit representation used to simulate solar
PV output [17].

The equations used to compute the PV output are
explained as follows. 1-V relationship of the solar cell with
single-diode and series resistance is given as: [9, 18-21]

V+IR.
=1, —Il,=1, — I,z [exp(q Xw)—l]
e

(6)

where I_ is the photo generated current, lo is the diode
current, los is the reverse saturation current, q is the
electronic charge (1.6 x 10*® C), Rs is the resistance of the
semiconductor, A is the cell ideality factor (1 for an ideal
diode, varies between 1 and 2), k denotes the Boltzmann
constant (1.38 x 102 J/K) and T is the cell temperature.

The photo generated current I is related to the short
circuit current of the solar cell Isc based on Eq. (7). The light
induced current of the solar cell is dependent on the solar
radiation G and also the cell temperature T, of the solar cell
[22-24].

&
I, = [Ige + a(T,— Ty)] ¥ C. (7)
1

where o is the temperature co-efficient of Isc, Ty is the
reference temperature and G is the reference irradiance
(typically 1000 W/m?). The reverse saturation current los on
the other hand, may be expressed as:
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where Eg is the energy or band gap and losery is the
reference saturation current. From the Eq. (8), it can be seen
that the diode saturation current is dependent on temperature

[22-23, 25-28]. The saturation current at reference
temperature can be estimated using Eq. (9):
Lecirp
losir,) = T ©)
T ex w —0Cm) ) _ 4
P\?* N_AkT,
where lIscy is short circuit current at reference

temperature, Voceryy iS open circuit voltage at reference
temperature and Ns is the number of cells in series in a
module.

The series resistance Rs value can be approximated by
manipulating Eq. (6) by using the values for voltage, Vw1
and current, Immy at reference temperature that give
maximum power output, as per stated in the manufacturer’s
datasheet. Manipulating this equation, the series resistance
can be found using the following equation:

Toriry — Loy
N AKT, ln( se(r) ~ ‘M) 1) Vi
o q los(r,) e
R, = I
MiTy) (10)

The open circuit voltage Voc is the voltage when current
decreases to zero. In other words, all current generated by the
solar cell flows through the diode and no power output will
be generated. By rearranging Eq. (6) this open circuit voltage
is given as:

N AT, I
Voge =——*1In (——i— 1) (12)
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Rearranging Eq. (6) also gives the voltage as a function
of current:
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(12)
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Throughout the 1-V characteristic of a solar cell, the
power output starts off from zero, reaches a maximum value,
Pmax and then decreases again to zero. The two points of
zero power occur during the short circuit (V = 0) and open
circuit (1 = 0) conditions.

Using these equations, the variation of current as a
function of voltage can therefore be determined. The current-
voltage relationship for one panel differs from another panel
depending on their electrical characteristics. Furthermore,
this relationship is also greatly influenced by the cell
temperature and solar irradiance that is incident upon the
panel. From the current-voltage relationship simulated, the
power-voltage relationship for a particular panel at a certain
cell temperature and solar irradiance can be established by
simply multiplying the current and voltage at each point. Fig.
3 illustrates the detailed mechanism of the simulation
modelling used for this research work.

Solar PV module definition

Number of panels in L
series and parallel Input of solar PV
system parameters

Epen circuit voltage (Voc)
Short circuit current (Isc)

Maximum voltage (Vwax)
Maximum current (Iyax)
Maximum power (Pyax)

Solar irradiation Ambient
(G) temperature (Ta)
v

Calculate cell temperature (Tc)

T j—
1 Photo generated current (I.)

Reference saturation current (los(ry)
Saturation current (los)
Series resistance (Rs)

Compute circuit parameters

v

Set the range for current

v

Simulate voltage and power

v v
Plot the current-voltage (I-V) Determine the maximum power
and power-voltage (P-V) (Pwmax), maximum voltage (Vmax)
characteristic curve and maximum current (Iyax)

[ i

End

Fig. 3. Flowchart of simulation modelling of solar PV output
using actual ambient temperature and solar irradiance
measurements.

2.2. Portable Solar PV Simulation System

Using the theories relating to power output generation by
solar PV, a portable system has been developed to predict the
solar energy that can be generated using ambient temperature
and solar insolation as inputs for a specific PV system. The
system consists of two main parts: the first part is the system
hardware which records the temperature and irradiation
measurements, whereas the second part is the system
software that uses the measurement data to simulate the
output generation. The interfacing between the hardware
setup and the software installed in a laptop can be done
wirelessly or by using a cable. Fig. 4 illustrates the described
portable solar PV simulation system.
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Fig. 4. Overall portable system developed to simulate solar
PV system output based on real-time measurements.

SMA Sunny SensorBox and WebBox with Bluetooth
Wireless Technology were used for this research work to
measure the solar irradiation and ambient temperature
directly and continuously. This system is equipped with a
sensor kit (Sunny SensorBox) with integrated irradiation and
temperature sensor which automatically captures data at a
particular time and then transferred to a data logger (Sunny
WebBox) using Bluetooth wireless interface. Solar
irradiation and ambient temperature were recorded at
intervals of every 5 or 15 minutes, and then the collected data
was downloaded in the format of .CSV file. This allows the
measurement  of real-time irradiance and ambient

temperature to be used as inputs for the solar PV output
simulation using a laptop via built-in software. Fig. 5 shows
the hardware configuration of the portable solar PV system.

Fig. 5. Portable solar measurement system and data logger.
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A simulation software has been developed in Microsoft
Visual Studio (.Net) platform to utilize the solar insolation
and ambient temperature measurements recorded by the
SMA Sunny WebBox, and then simulate the power output
generated by a defined solar PV system. Fig. 6 shows an
example of current-voltage and power-voltage characteristics
obtained from the simulation modelling at standard testing
condition (solar irradiance of 1000 W/m? and cell
temperature of 25°C) using the electrical characteristics of
the panel used in one of the solar PV systems in UNITEN.

Fig. 6. Sample of current-voltage and power-voltage output
plots at standard condition obtained from the simulation
modelling.

2.3. Installed Solar PV system at UNITEN

In order to evaluate the performance of the developed
portable solar PV simulation system, the simulation results
obtained based on real-time ambient temperature and solar
radiation will be compared with an actual solar PV system.
The comparison between the simulation data and actual
measurements will allow for the accuracy of the developed
portable system to be determined. There are two solar PV
systems at UNITEN that will be considered to achieve this
objective.

2.3.1. 3.15 kWp Solar PV Rooftop System

The first system is a 3.15 kWp Building Integrated
Photo-Voltaic (BIPV) system located at the rooftop of the
BN building, College of Engineering (COE), UNITEN.
Constructed in July 1998, the project was initiated by TNB
Research Sdn Bhd (TNBR) with sponsorships from Malaysia
Electricity Supply Industry Trust Account (MESITA) and
Tenaga Nasional Berhad (TNB). This solar PV rooftop
system is linked to the three phase electricity system of the
building, and it was designed primarily for research studies
of grid connected PV system [29].

The solar PV rooftop system is shown by Fig. 7. The
system comprises forty two 75 Wp Siemens / Shell SP
mono-crystalline modules configured in a 6 parallel by 7
series string installation. The system is also equipped with a
grid-interactive inverter and PV meter. Solar irradiation,
ambient temperature, cell temperature and the power

produced by the PV system are recorded for every 15
minutes of time interval.

Table 1 outlines the electrical characteristics of the
Siemens / Shell SP mono-crystalline module used in
generating solar energy. This information is very important
in order to simulate the expected output by this solar PV
rooftop system as accurately as possible.

Fig. 7. The 3.15 kWp solar PV rooftop system.

2.3.2.  17.28 kWp Solar PV Carport System

Another system that will be referred to in evaluating the
accuracy of the solar energy generation simulation results is
the 17.28 kWp solar PV carport system. Located at the car
park area of the Facility and Development Management
Department (FDM), this system was originally constructed in
2012 to study the charging mechanism for electric vehicles
by solar energy, and also to serve as sheds for the parked
vehicles. The complete carport system is shown in Fig. 8.

Fig. 8. The 17.28 kWp solar PV carport system.

The car port PV system comprises of seventy two 240
Wp Q-Cells multi-crystalline modules configured in a 6
parallel by 12 series string combination installed. Each pair
of the 12 module string configuration is connected to one
inverter representing one phase. The electrical characteristics
of the multi-crystalline modules used for this solar carport
system is given in Table 1.
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Table 1. Key specifications of chosen modules [30, 31].

Specification SP 75 Wp Q-Cells 240 Wp

Parameter Module Module

Maximum Power 75W 240 W

Rating (PMAX)

Rated Current (Imep) 44 A 8.15 A

Rated Voltage (Vwep) 17V 29.37V

Short Circuit Current 4.8 A 8.72 A

(Isc)

Open Circuit Voltage 21.7V 37.14V

(Voc)

Number of Cells in 36 60

Series (Ns)

NOCT 45°C 47°C

Dimensions 1200 x 527 x 1670 x 1000 x 50
34 mm mm

3. Results and Discussions / Simulation Results
3.1. Validation of Real-Time Measurement System

In order to ensure the developed portable solar PV
simulation system works as it should be, it is first crucial to
assess the accuracy of the ambient temperature (T.) and solar
irradiance (G) measured by the SMA Sunny SensorBox. The
accuracy of these measurements may be determined by
comparing them with the actual measurements recorded by
one of the installed solar PV systems at UNITEN. In this
case, the comparison was made against the ambient
temperature and solar irradiance measurements recorded by
the 17.28 kWp solar PV carport system. The correlation
factor (k) was determined by evaluating the gradient of the
linear trendline obtained from the scatter data plots. It can be
safely assumed that the nearer the value of k to 1, the better
the correlation between the two variables under study. Fig. 9
and 10 illustrate the comparison between the measured
ambient temperature and solar radiance recorded by the
Sunny Sensorbox and the aforementioned carport system
respectively.

From Fig. 9, it can be seen that the ambient temperature
measured by the Sensorbox has some degree of deviation
from those recorded by the solar PV carport system,
especially at high temperature. The correlation factor (k)
between these two is 1.40. Thus it can be said that even
though the ambient temperature recorded Sunny Sensorbox
has a linear relationship with the temperature recorded by the
carport system, the value may not be so accurate. The
discrepancy between these two measurements may be
attributed by a lot of factors such as the type and sensitivity
of the temperature sensor used for each system, and also the
placement of the sensors. Nevertheless, the more important
thing is to determine the correlation factor of the simulated
cell temperature (Tc), which is based on the measured
ambient temperature, with the actual cell temperature
recorded by the existing solar PV systems installed at
UNITEN. This is because the simulated cell temperature
would be one of the parameters that determine the output
generated by a specific solar PV system. The correlation

between the simulated and measured cell temperature is
discussed in the next section.
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Fig. 9. Comparing the ambient temperature measured by
SMA Sunny Sensorbox and the ambient temperature
recorded by the solar PV carport system.
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Fig. 10. Comparing the solar irradiance measured by SMA
Sunny Sensorbox and the solar irradiance recorded by the
solar PV carport system.

For solar irradiance on the other hand, it can be seen
from Fig. 10 that there is a good agreement between the
measurements obtained from the Sunny Sensorbox with the
ones recorded by the carport system, with a correlation factor
(k) of 1.06. This indicates that the solar irradiance
measurement obtained from the Sensorbox can be used
directly as one of the inputs for the portable solar PV
simulation system because it can represent the actual
irradiance incident upon a PV module with a high degree of
accuracy.

3.2. Validation of Solar PV Simulation System

Using the ambient measurements as inputs, the accuracy
of the simulated solar PV output can be assessed. In doing
so, the accuracy of the simulated cell temperature (T¢) must
be assessed first since it is based on the measured ambient
temperature (Ta). Then using the simulated T, and real-time
solar irradiance G values, the solar PV outputs may be
simulated. The accuracy of these simulation results will then
be determined by comparing them with the actual values
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obtained from several solar module manufacturers’ datasheet
and also from the output generated from the installed solar
PV systems at UNITEN.

Measured  Cell

3.2.1. Comparing Simulated and

Temperature

As discussed earlier, it has been suggested that the solar
cell temperature (T¢) can be estimated based on the ambient
temperature (T,) and solar irradiance (G) using the equation
given in Ref [7-9]. Taking the ambient temperature values
obtained from the solar PV carport system as shown by Fig.
9 together with the solar irradiance measured, the
corresponding cell temperature can therefore be computed.
The comparison between the simulated and measured cell
temperature for the 17.28 kWp solar PV carport system is
shown in the following Fig. 11. In addition to this,
comparison was also made for the simulated and measured
T. using measurements recorded by the 3.15 kWp solar PV
rooftop system which was also installed at UNITEN. Fig. 12
shows the comparison between the simulated and measured
T for this system.
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Fig. 11. Simulated and actual cell temperature for the solar
PV carport system.
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Fig. 12. Simulated and actual cell temperature for the solar
PV rooftop system.

As can be seen from both figures, the correlation factor
(K) between the simulated and measured T, for both installed
PV systems are much better (closer to 1) than the

corresponding ambient temperature measurements shown in
Fig. 9. This suggests that even though that the ambient
temperature measured by the Sunny Sensorbox deviates
prominently from the actual ambient temperature recorded
by the solar PV system, its effects on the cell temperature can
be considered as minimal. Thus the simulated cell
temperature (T.) based on the measured ambient temperature
(Ta), together with the direct measurement of solar irradiance
(G) from the developed system could reflect the actual
condition responsible in determining the output of a solar PV
system at a particular time.

3.2.2. Comparing  Simulated PV with
Manufacturer’s Datasheet

Outputs

After validating the accuracy of the inputs to be used for
the simulation, the model was then verified by comparing the
simulated outputs with solar cell manufacturer’s datasheet.
As explained earlier, the simulation was based on the single
diode with a series resistance model for easy computation
with less parameter assumptions. In comparing the simulated
outputs with the manufacturer’s datasheet, two types of solar
module have been selected and they are:

e Siemens / Shell SP 75 Wp mono-crystalline silicon
module

o  Q-Cells 240 Wp multi-crystalline module

These solar modules are the ones that are currently used
for the solar PV rooftop and carport systems installed at
UNITEN. The electrical characteristics of the
aforementioned solar modules can be referred from Table 1.
It can be seen from Fig. 6, that simulation outputs exhibit
common current-voltage (I-V) and power-voltage (P-V)
characteristics of a solar panel.

The effects of varying solar cell temperature (T¢) and
solar irradiance (G) on I-V and P-V characteristics were also
investigated for both types of solar module. Influence of cell
temperature and solar irradiance on the simulation outputs
were studied. From the outputs, it was observed that the
variation in cell temperature and solar irradiance would
affect both I-V and P-V characteristics of a particular solar
module. As cell temperature increases, the module’s open
circuit voltage (Vo) decreases whereas its short circuit
current (ls) increases albeit at a relatively much smaller rate
in comparison with the reduction in the open circuit voltage.
Both open circuit voltage and short circuit current however,
increase with the increase of solar irradiance.

The maximum power a solar module can generate is also
affected by the cell temperature and solar irradiance
variation. It was found from the simulation that the
maximum power decreases with the increase of cell
temperature. Thus there is an inverse relationship between
the maximum power generated by any solar module with the
cell temperature.
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Table 2. Comparison of rated maximum power, current and voltage between values reported in manufacturer’s datasheet with
the simulated data.

Siemens / Shell SP 75 Wp Q-Cells 240 Wp
Parameter Claimed Simulated Difference Claimed Simulated Difference
Value Value Value Value
Rategvs)ower 75 74.84 0.21% 240 239.39 0.25%
Rated(i)urrent 44 4.46 1.36% 8.15 8.11 0.49%
Rated(\\;)‘"tage 17 16.77 1.35% 29.37 29.52 0.51%

On the other hand, the power generated increases with
the solar irradiance incident upon a solar module. Thus it can
be concluded that the maximum power that can be produced
by a solar module depends very much on its cell temperature
and the solar irradiance at any particular time, provided no
form of degradation is experienced by the module.

It was observed that the simulated I-V and P-V
characteristics follows the typical output of any solar PV
module. This suggests that the simulation modelling works
as it should be and thus can be used to predict the PV power
output at any particular cell temperature and solar irradiance.
The maximum power output was then compared against the
manufacturer’s claimed output at Standard Test Conditions
(STC), with cell temperature of 25°C and solar irradiance of
1000 W/m? in order to assess the simulation accuracy. Table
2 outlines the comparison between the manufacturer’s rated
value and simulated data for maximum power, together with
its corresponding voltage and current under STC.

From Table 2, it can be seen that there is a considerably
good agreement between the simulated outputs with the
values claimed by Siemens / Shell SP and Q-Cells for their
modules operating at STC. The percentage difference
between them for the rated power, current and voltage is less
than 1.4%, with the maximum power having an even better
percentage as low as 0.21%. This indicates that the
simulation model has a remarkable accuracy in predicting the
solar PV output at any particular cell temperature and solar
irradiance. Nevertheless, one could also argue that the model
works for simulating the output for a solar module only, not
necessarily the output of a complete PV system. Thus the
next section will discuss the comparison between the
simulation data with the actual output generated by the two
installed solar PV systems at UNITEN.

3.2.3. Comparing Simulated PV Power with Installed
Systems

With an accuracy of around 99% in simulating power
output at STC, the model was then being tested against the
actual output generated by the 3.15 kWp solar PV rooftop
system and 17.28 kWp solar PV carport system. As
mentioned earlier, the cell temperature (T.) was first
estimated based on the ambient temperature (T.) measured
by the system hardware. Using the estimated cell temperature
and solar irradiance (G) for a specific point of time, the
power output (P) was then simulated for a particular solar PV

system. The developed simulation software allows for a PV
system to be defined based on the type of solar module used,
the number of modules used and their connection
configuration for that system. This would then enable a direct
comparison between the simulated output and actual power
measured by the two installed solar PV systems.

Fig. 13 shows the simulated and measured power as a
function of time obtained from the solar PV rooftop system
for one day. Comparing the two graphs, it can be seen that
the measured solar power is significantly lower (by
approximately 30%) than the expected power to be produced
by this system. Similar observation was also found for
several other days from this same system.

Upon further investigation, the difference between these
simulated and measured power could be attributed due to the
age of the system. The solar PV rooftop system was
commissioned and constructed in 1998 so it is appropriate to
expect that the panels and the system would have undergone
some form of degradation after more than 10 years of
service. Table 3 outlines some possible form of degradation
that this system may have experienced together with its
approximated derating factor. The total derating factor was
obtained by multiplying each of the individual derating factor
based on the type of degradation.
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Fig. 13. Comparison of daily simulated and measured power
obtained for 3.15 kWp solar PV rooftop system.
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Table 3. Possible derating factors responsible for reduced
power output.

Parameter / Factor Value
Cable loss factor — feabie_oss [32] 0.968
Dirt and dust — fgirt [32] 0.97
Manufacturer’s tolerance - fm [32] 0.95
Temperature — fiemp_pmp [33, 34] 0.86
Installation criteria [32] 0.98
Inverter efficiency - ninv [35, 36] 0.943
PV to the inverter efficiency - npv _inv

- 0.98
[33-36]
Overall Derating Factor 0.69

Taking into account the approximated overall derating
factor of 0.69, the simulated power was then reduced to 69%
of its initial value. It can be seen clearly now from Fig. 14
that the new simulated power is consistent with the actual
power measurement. The correlation factor (k) also improves
from 1.51 to 1.04 when the derating factor taken into
consideration as shown by Fig. 15. This indicates that there
is high possibility that the difference between the simulated
and measured power observed for the solar PV rooftop
system could be due to its old age. To validate this
hypothesis further, a comparison was made between the
simulated and measured output from the other solar PV
system installed at UNITEN.
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Fig. 14. Simulated (with derating factor) and measured
power data for 3.15 kWp solar PV rooftop system.
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Fig. 15. Comparing the correlation between simulated and
measured power under the influence of derating factor.

The solar PV carport system was constructed in 2012,
which makes the system relatively newer compared to the
rooftop system. With the real-time cell temperature and solar
irradiance as inputs, the power output was simulated and
then compared with the actual measurement obtained from
the same system, as can be seen from Fig. 16. It was
observed that there is smaller discrepancy between the
simulated and the measured power for the solar PV carport
system as compared to the rooftop system. This suggests that
the age of the solar PV system plays a crucial part in
determining the actual power produced by the system. It can
be expected that the older a solar PV system is, the less
power it can generate due to degradation of the system. Fig.
17 shows the degree of correlation between the simulated
and measured power for the solar PV carport system. It was
found that the correlation factor (k) of 1.11 for this system is
still better as compared to the solar PV rooftop system with k
=1.51.
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Fig. 16. Comparison of daily simulated and measured power
obtained for 17.28 kWp solar PV carport system.
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Fig. 17. Correlation between simulated and actual measured
power for the solar PV carport system.

4, Conclusion

A portable simulation system for determining the solar
power output based on real-time ambient temperature and
solar irradiation measurements has been developed. The real-
time ambient measurements from the developed portable
solar PV simulation systems were compared and validated
with those obtained from existing PV systems to deduce that
any variance would be minimal. The two solar PV systems
referred to for this study were the 3.15 kWp solar PV rooftop
system and the 17.28 kWp solar PV carport system. The
developed solar PV simulation system was then being tested
and its simulated data verified using the existing PV systems.
The computed solar PV cell temperature based on ambient
temperature was compared with the actual cell temperature
measured by the existing solar PV systems. Comparing the
computed cell temperature with the actual one had shown
that the equation chosen to estimate the cell temperature
based on the measured ambient temperature was accurate
enough to be used for the simulation of solar PV output. By
using this approximation and the actual solar radiation
measurement, the solar PV output was simulated using the
electrical characteristics and configuration of the two
aforementioned systems. It was found that the simulation of
power output has a very good agreement with the solar PV
carport system output, but the same cannot be said for the
rooftop system. The difference between the simulated and
measured power for this system was quite noticeable. Upon
further investigation however, it was found out that the
rooftop system had been commissioned for quite a number of
years already and this could affect the performance of the
solar panels. When the de-rating factor due to this was taken
into account, the simulation data was found to be consistent
with the measurement data from the solar PV system. Thus it
can be deduced that the developed portable system is capable
to simulate power output with great accuracy based on real
ambient temperature and solar irradiance measurements.
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