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Abstract

Grid connected photovoltaic (PV) power systems is today’s breakthrough for renewable energy
source in electricity generation Grid-connected photovoltaic (PV) power systems have the advantage of
more effective utilization for highest renewable source of electricity generation and tendency to continual
growth in the next years. The output performance grid connected photovoltaic (PV) power systems is
influenced by the impact of cell temperature or ambient temperature and solar irradiance of the solar
module. This paper highlights the effect of output energy of solar module by implementing different types
of solar module technology and selecting the highest energy output of the module technology for modelling
and simulating the design of grid connected photovoltaic (PV) power system using Matlab/Simulink.
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1. Introduction

Photovoltaic (PV) has heightened up growth on power generation sector as an alternate
energy to overcome existing conventional energy problem such as extinction of fossil fuels,
environmental issues like greenhouse effect and rise in electricity cost [1]. Grid-connected
photovoltaic (PV) power systems have the advantage of more effective utilization for highest
renewable source of electricity generation and tendency to continual growth in the next years.
However, implementation of grid connected photovoltaic (PV) power systems has several
drawbacks especially to power system operational problems like low conversion efficiency and
unsTable power output to grid system [2]. Consequently, these drawbacks will cause
operational problems that affect the power system network, unbalanced voltage regulation and
poor power factor [1-3]. Hence, grid connected photovoltaic (PV) power systems are essential to
analyze the efficiency of output power before connecting to the grid for sustainable energy flow.

The effort in obtaining clean energy has led the worldwide countries like China, India,
USA, and Canada to increase large scale PV installation in foreseeable future [1]. The
European Union Renewable Energy forecasted a target of generating about 32% of power
system from sustainable solar energy source by the year of 2030, with target of 100% by 2050
[4]. Solar energy is identified to be the next potential renewable energy in Malaysia where the
geographical factor is an advantage to cruise solar energy for the electricity usages [5]. The
tropical region of Malaysia with approximately 6 hours of sunshine per day suiTable to increase
the output performance of solar module [5], [17-18].

Typically, standard solar irradiance in Malaysia ranges between 800.W/m2 to
1000.W/m2. The nominal surrounding temperature is usually between 20°C to 40°C [5]. Hence,
the output energy analysis test on three different types of PV module is carried out. The study
analysis is carried out using the standard test conditions (STC) solar irradiation at 1000W/m?
and ambient temperature at 25°C. The test location is located in Kuala Lumpur at 3.12° N,
101.55° E and the specifications of array are obtained from National Renewable Energy
Laboratory (NREL) resources [6]. The test is performed according to the standard specifications
of PV system by referring to the data available in National Renewable Energy Laboratory
(NREL).

Aim of the study is to analyze the monthly energy output from different types of PV
system technology such as Monocrystalline (Mono), Polycrystalline (Poly) and Amorphous
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Silicon (Asi) module tested according to National Renewable Energy Laboratory (NREL)
location data and standard PV specification data as described in Table 2 and Table 3 [6]. From
here, the highest output energy of solar panel is determined according to the actual
specification datasheets of the manufacturer’s. Furthermore, the study is further carried out on
highest output energy of PV module for modelling and simulating grid connected photovoltaic
system using Matlab/Simulink.

2. Research Method

The test is initiated by analysing the energy output modelling of three types of PV
module such as Monocrystalline (Mono), Polycrystalline (Poly) and Amorphous Silicon (Asi)
using Matlab/Simulink based on NREL PV system specification. The test is performed according
to the standard monthly output energy of PV system as described in Table 3 with the aid of the
location sources as described in Table 2 from National Renewable Energy Laboratory (NREL)
resources. The results are analysed based on the output value and then the test further carried
on modelling and simulating grid connected on the highest energy output of PV module.

2.1. Modelling the PV Cells

The electrical specifications of |-V curve and P-V curve of solar module depends on the
varying weather condition [7]. The values of voltage and current of solar module is influenced by
the ambient temperature and solar irradiance of the selected location. Figure 1 illustrates the
equivalent circuit diagram of single solar cell.

Figure 1. Model of single solar cell

Ipy represents the current generated by means of light of the solar cell that linearly
dependant on the varying cell temperature and solar irradiance as described in Equation 1 [8].
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n

2.2. Energy Output Modelling

The solar module output efficiency and types of solar are considered in modelling the
output energy of the grid connected photovoltaic system. Photovoltaic module characteristics for
standard test conditions are given in Table 1. The output energy of the solar module is obtained
by the following equations. The cell temperature (Tc) is influenced by clearness index, (Kt) and
nominal operating cell temperature (NOCT) is obtained from the Equation 2 by applying the
actual value of standard ambient temperature referring to climate data from the Malaysia
Meteorological Department site [9], [16].

@)

T =T, +(219 + 832Kt NocT -20
800

The efficiency of solar array.(n,) is affected by the cell temperature of the array (Tc),
module efficiency (n;) and module temperature coefficient (Bp). Array efficiency is obtained in
Equation 3 [7], [9]:
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Tp =1 X [1_/8P(TC —Tr)/100] 3)

The energy delivered equation by the photovoltaic array (Ep) is influenced by the array
efficiency (n,), area of the module (A) and irradiance (G). Hence, the energy delivered by the
photovoltaic array (Ep) is configured from equation 4 [8], [10]. This energy is the capacity of
(kWDc).

E, =7,(AxG) (4)

The energy delivered by the solar array to the grid connected power system, Egyq iS
obtained from Equation 5 [11] that are influenced by the power conditioning losses (Ac),
miscellaneous photovoltaic array losses (Ap) and inverter’'s efficiency (niw). Hence, the actual
energy delivered (Eqwq) is influenced by energy delivered to the grid system (Egig) and PV
energy absorption rate (nas) is determined in Equation 6 [10]. The energy is the capacity of
(KWAC).

Egria = Ep(l_/lle_ﬁc)xﬂinv (5)

Ediva = Ecrid % Mabs (6)

The monthly energy output of the solar module is obtained from the equation 7 where
energy delivered by the photovoltaic array (.Ep) is measured (kWh) and Solar Radiation in
(kWh/m2/day).

Monthly
Energy = Ep x
Output

SolarRadiation DaysPer (7
X
PerDay Month

The PV module that is tested in this research is Monocrystalline (Mono-Si),
Polycrystalline (Poly-Si) and Amorphous Silicon (A-Si). Figure 2 illustrates the three types of
solar module that will be tested for the monthly energy output in according to the daily solar
irradiance at Kuala Lumpur in NREL resources. The specifications of the solar module are listed
in Table 1.

Figure 2. Model of single solar cell

Table 1. Parameters of type solar module characteristics for standard technologies [12-14]

Tvpe dOlIIePV ney  NOCT(°C)  Bo(%/°C)  Area(m?d  Variable  Speed (pm)  Power (kW)
Mono-Si _ 13.0 45 0.4 1.63176 X 10 8.6
Poly—Si 110 45 0.4 0.92055 y 15 12.4

A-Si 5.0 50 011 1.21968 2 20 15.3
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2.3. Matlab/Simulink Circuit Modelling
Figure 3 shows the modelling of grid connected photovoltaic power system with load
using Matlab/Simulink software. The model comprises of basic components such as PV
modules, irradiance block, temperature block, MPPT, Boost converter, load, transformer, diode,
RLC filters, 3-level 3-phase VSC, feeders and utility grid to develop photovoltaic power system
model. The details of the model are as follows [14]:
1. PV array delivering a maximum 100kW at 1000W/m2
2. 5kHz DC-DC Boost converter to increase the voltage
3. MPPT controller used and a ‘Perturb and Observe’ technique to optimize the switching duty
cycle to extract maximum power maximum power.
4. 1980Hz 3-level 3-phase VSC to convert Dc voltage to Ac and keeping the system at unity
power factor.
5. 10kVAR capacitor used to filter harmonics produced by the VSC.
6. 260/25kV 100kVA transformer
7. 25KV distribution feeder and 120kV of transmission system to represent the utility grid.
Modelling of grid connected photovoltaic power system is important because solar
energy is promising power in future without degradation of environment through greenhouse
gas emission and no storage loses from the power generated from photovoltaics power system.
In Figure 3 the modelling of grid connected is illustrated using the highest monthly output
energy PV and the model is built to study the impact of varying solar irradiance and cell
temperature at the selected location in this research. The variation of the cell temperature and
solar irradiance influences the output power and output voltage of the photovoltaics system.

Figure 3. Grid connected Photovoltaic model using Matlab/Simulink

3. Results and Analysis

The monthly energy output on three different types of photovoltaic module such as
Monocrystalline (Mono), Polycrystalline (Poly) and Amorphous Silicon (Asi) module is executed
for open rack array at location 13.12° N, 1101.55° E in Kuala Lumpur with standard
specifications of PV system using National Renewable Energy Laboratory (NREL) resources in
Table 2 [6]. The monthly energy output data obtained by referring to Table 3. The energy output
of Monocrystalline (Mono), Polycrystalline (Poly) and Amorphous Silicon (Asi) module is
obtained from equation 7.

The PV specification used is standard reference for all three modules tested such as
the parameters like type of array, degree of array tilt, array azimuth, the basic percentage
system losses, inverter efficiency and DC to AC size ratio. The standard optimum energy output
can be yield at 15° array tilt and 180° array azimuth according to Malaysian climate [15]. A
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standard inverter efficiency is selected to perform the testing on three different types of solar
module.

Table 2. Parameters taken from the national renewable energy laboratory resources [6], [15]
Location and Station Identification

Requested Location 2.977415,101.730798
Weather Data Source (INTL) KUALA LUMPUR,MALAYSIA 16mi
Latitude 3.12°N

Longitude 101.55° E

PV system Specification(Residential)

DC System Size 100kwW

Module Type Standard

Array Type Fixed (Open Rack)
Array Tilt 15°

Array Azimuth 180°

System Losses 15%

Inverter Efficiency 95%

DC to AC Size Ratio 11

Table 3. Monthly energy output data taken to calculate energy output of the 3 different pv

modules [6]
Month Solar Radiation Days Per Month

(kWh/m2/day)
January 4.42 31
February 4.57 28
March 4.58 31
April 4.29 30
May 3.92 31
June 3.91 30
July 3.94 31
August 4.12 31
September 4.28 30
October 4.24 31
November 4.20 30
December 4.04 31

The average monthly energy output for Monocrystalline (Mono) is 40.3048kWh/month
whereas Polycrystalline (Poly) module yields about 15.3542kWh/ month and Amorphous Silicon
(Asi) module produces about 13.8188kWh/month. The results are obtained using
Matlab/Simulink in Figure 4, Figure 5 and Figure 6. Hence, it is clearly seen that Monocrystalline
(Mono) photovoltaic module has the highest energy output compared to Polycrystalline (Poly)
and Amorphous Silicon (Asi). Since, Monocrystalline (Mono) photovoltaic module has the
highest energy output therefore it is suiTable to be implemented in grid connected photovoltaic
power system model.

Monthly Energy Output of Monocrystalline Module

Monthly Energy Output of Polycrystalline Module

Energy Output, (kWh)
Energy Output,(kWh)

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 T 8 9 10 1 12

Figure 4. Monthly Energy Output for Figure 5. Monthly Energy Output for
Monocrystalline (Mono) Polycrystalline (Poly)
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Monthly Energy Output of Amorphous Silicon module
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Figure 6. Monthly Energy Output for Figure 7. Monthly energy output of three
Amorphous Silicon (Asi) modules tested

In Figure 7 the total monthly energy output of three types of module is combined show
the differences of energy output produced by each module tested.

From the results in Figure 7, the energy yield for Monocrystalline module is highest,
then followed by Polycrystalline and Amorphous Silicon. Hence, Monocrystalline material is
chosen to be tested in grid-connected photovoltaic power system using Matlab/Simulink. The
impact of cell temperature and solar irradiance is taken into account and the results are
simulated in Figure 8 and Figure 9. In the simulation of model, a 100kW PV array SunPower
SPR-31E-WHT-D is connected to 25kV utility grid is integrated with important components like a
DC-DC boost converter and a three-phase three-level Voltage Source Converter (VSC).
Maximum Power Point Tracking (MPPT) is executed in the model by using “Perturb and
Observe’ technique.

The simulation design using Matlab/Simulink is used to obtain the varying cell
temperature and solar irradiance parameters tested using SunPower SPR-31E-WHT-D solar
array [12]. The varying cell temperature is tested from 0°C Ito 75°C with step size of 25°C at a
constant solar irradiance value of 1000 W/m? is simulated. Hence, the results obtained shows
that the open circuit voltage (Voc) of PV array reduces as the cell temperature increases. As the
temperature increases, the output voltage from the solar module decreases because every solar
module is designated at standard temperature of 25°C and the temperature coefficient of SPR-
31E-WHT-D is 0.27%/°C. Hence, for every degree above 25°C, the voltage decreases by
0.27%. The results of I-V curve and P-V curve at constant irradiance 1000 W/m2 & specified
temperatures are displayed in Figure 8.

Array type: SunPower SPR-315E-WHT-D;
Array type: SunPower SPR-315E-WHT-D; §un‘u "'°'y’"'": 64 parallel strings
5 series modules; 64 parallel strings L kWi

00 e 0.6 KWIM?

0.1 kWim?

100 150 2
Voliage (V)

30 0 50 100 150 200 250 300 350
Voltage (V)

Voliage (V)

Figure 8. The I-V curve and P-V curve of Figure 9. The I-V curve and P-V curve of
SunPower SPR-31E-WHT-D with varying SunPower SPR-31E-WHT-D with varying
temperature irradiance
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The results obtained with varying solar irradiance and cell temperature is vice versa.
The results obtained in Figure 9 illustrates the varying irradiance from 100IW/mz2, 5001W/m2 and
1000IW/m2. The current generated from the module varies directly with irradiance. The higher
the solar irradiance value hence the higher the voltage and power output of the photovoltaic
system.

The module I-V and P-V curves shows the standard temperature and solar irradiance
values of voltage at maximum point (Vmp), the current drawn at maximum peak point (Imp) and
maximum power obtained (Pm) by using the module. The results obtained are from the graph in
Figure 10 where voltage at maximum point (Vmp) is 54.7V, current drawn at maximum point
(Imp) is 5.76 and maximum power obtained (Pm) is 315.072W. Hence, the photovoltaic grid
connected power system is sTable and able to meet load demand stated in the model.

SunPower SPR-315E-WHT-D
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Figure 10. Module I-V and P-V curve of SunPower SPR-31E-WHT-D

4. Conclusion

Based on the research, the monthly output energy of the solar module is influenced by
the impact of varying solar irradiance and ambient temperature. The study proves the variation
of type of solar module with respective to area, influences the output energy executed from the
solar module. Furthermore, the results show Monocrystalline (Mono) solar module material
yields highest energy output which is suiTable to be implemented in photovoltaic grid connected
power system because the DC voltage capacity produced is high. Hence, AC voltage capacity
that is gained from the high DC voltage conversion able to meet and sustain the load demands.
Model is simulated using SunPower SPR-31E-WHT-D type of Monocrystalline (Mono) solar
module by testing the impact of varying solar irradiance and ambient temperature. Thus,
selection of most suiTable photovoltaic technology is dependent on the photovoltaic system
installation location and the area of the solar module used. This research on rid connected pv
power systems are significant because solar energy is the most promising power in future
without degradation of environment through greenhouse gas emission. Therefore, distributed
generation particularly photovoltaics systems are more effective mitigation element of
conventional energy usage and cheaper maintenance and installation cost compared to other
conventional energy.

For more monthly output energy of photovoltaics accuracy, few parameters should be
taken into account such as the diffusing irradiance, the zenith angle of the sun, the beam
irradiance and beam radiation ratio on photovoltaic array to model photovoltaic grid connected
power system. It is more accurate compared to obtain the output power energy instead of using
standard variation of solar irradiance and cell temperature. Besides that, the average cost of the
electricity produced from grid connected photovoltaics power system can be calculated based
on the actual utility rate at a particular location.
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