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ABSTRACT
Grid-connected Photovoltaic (PV) systems are a promising tool to provide electric power to houses in a country
such as Kuwait. This optimal design and simulation of this system presented in this paper. Solar radiation is an
important factor for the production of electricity by PV systems. A method for the calculation of solar
photovoltaic generation capacity is developed in this project based on data of Mean Global Solar Radiation. A
system design of possible plant capacity for the roof area is also developed. Monthly data is used to for the
simulation and design of this system, in particular data for average solar radiation. To perform this design,
MatLab/Simulink Programming are employed in this project. Toward validate the proposed configuration of the
system, the results of the Analysis and Simulation are providedbased on the availability of the components in
the market and their specifications.
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. Introduction:

The sources of renewable energy provides a potentially promising and far less harmful alternative to traditional
methods of electricity production. Such sources has the potential to reduce environmental impacts involved in
the production process as well as the greenhouse emissions. Power plants fired by natural gas emit 0.75Kg of
carbon and coal plants produces emits 1.05Kg of carbon [1]. Fossil fuel burning causes grave environmental
harms and a great deal of these can be avoided by the use of renewable resources as the environmentalimpact is
reduced by every kilowatt-hour (kWh) of electricity produced in renewable resources. A great amount of rays are
sent from the sun on a daily basis and while the earth receives approximately just under 50% of that radiation,
the atmospheric gases absorbs about 20% of it and the rest 30% reflects back to the space [2].

The daily rate of this solar radiation equals nearly 3.838 x 1023 kW/sec [3]. At the atmosphere boundary, this
power reaches to approximately 1.4 kW/m2 and a great deal of it constitute electromagnetic radiation
transmission. The amount of solar energy that can be received by, for example, one square meter of the surface
of the each equals about 1KW and on average this makes 0.5 after crossing the atmosphere during the daytime
hours.Photovoltaic solar energy can highly likely be used domestically in a country such as Kuwait, where the
sun appears approximately 3600 hours every year [4] and, thus, the surface of the earth receives a great deal of
the radiation of the sun power during most days of the year. Kuwait, which is rich with oil, is a Middle East state
with 4.1 population and an area of 17820 Km®. Local people of Kuwait are nearly 1.2 million and the rest are
immigrants.

1. Photovoltaic (PV) systems

The PV generator constitutes of a number of solar panels which are interconnected electrically.
Manufactures provide the PV panels at standard tested conditions (STC) in relation to their nominal peak power.
The total installed power of the system can be calculated by summing the nominal peak power of all panels in
the system [7].
The grid-connected system is comprised of an inverter and modules. The direct current (DC) electricity that is
produced by the PV system is transformed by the inverter into alternating current (AC) electricity and this put
into synchronization with the mains supply of electricity. At all times, the grid is fed with the excess electricity
produced. Grid connected inverter must be designed in a way that allows it to perform well at peak power value.
The inverter also must be able to tackle different issues including the quality of the power, the operation of
islanding detection, grounding, long life and Maximum power point trackingMPPT [8].
The gird injected energy has to be optimized by the inverter maximum power and this must equal the overall PV
generator power. As the anticipated irradiance in the location where the PV system installed is below the
nominal or standard irradiance, it has recently been observed that the maximum power of the inverter is chosen
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to be higher than that of the nominal PV generator. This has been known as the inverter under sizing as is
discussed in [7] and [8]. The standard irradiance conditions are in line with nominal power of the PV generator.
In low irradiance condition, the PV produces energy at one part of the nominal capacity and, therefore, under
part load conditions, the inverter works with lower system efficiency [7].

Figurel: Proposed direct grid-connected PV System [14]

This paper provides an analysis and design of a grid-connected photovoltaic power system that can be used
domestically in houses in the state of Kuwait. MatLab/Simulink programming will be used to test the PV strings
possible capacity of a 162 kW Plant. Moreover, the temperature and irradiance effect will be analyzed by the
use of Simulink programming.
I1. Methodology :

The research tools for this paper focused on the inputs for the simulation process and the required calculations.
The probability of solar photovoltaic generation in Kuwait was calculated, depending on the annual solar
radiation. The calculations showed that the output efficiency of the PV module was 97%. However, the PV grid
connected systems are generally designed to supply 30% to 70% of the power demand.The availability of solar
energy was supposed to last for six hours during the normal day of the design. As for the PV grid-connected
system, it was designed based on the calculated plant capacity in the available area.

a. Data collection:
The Kuwait Institute for Scientific Research (KISR) measurement for solar radiation in Kuwait annually with

maximum (1006"ij2], minimum (0.013 ijzj with an average of (222.32 W}f’mzj.Atmospheric temperature

measurement in Kuwait annually 52.55°C and 8.05°C respectively according to The Kuwait Institute for
Scientific Research (KISR).The Public Authority Applied for Education and Training (PAAET)used as a case
study for our project. Furthermore, the maintenance and engineering building in PAAET is considered as one of
many buildings in Kuwait representing a high electrical load.

b. The Site:

Kuwait is one of the Arabian Gulf countries in western Asia. The size of the country is about 17820 Km?and
the estimated population of Kuwaiti nationals is 1.2 million and 2.8 million foreigners. The capital is Kuwait
city, which is located at 29.3697° N, 47.9783° East longitude. Kuwait is an ideal area for the generation of solar
energy because it is in a vast plain area. It has a plenty of sun rays during the year, and the estimated average of
daily solar radiation in flat areas on the coast is 2.7 kilowatt hours per square meter per day (kwh/m#/day) and
3.4kWh/m?/day in the south region [4].

IV.Calculation
a. Load Profile:
The number of PV panels might be affected by change of the load during night and day, which makes load
profile very important for the inverter size and design process. Table (3) below shows the load profile of the
Public Authority Applied for Education and Training (PAAET). The PAAET offers services to more than 1000
technicians and employees in a building, which should have a study of the PV system.

The consumption load of electricity of PAAET includes lightening, electrical equipment and air conditioning.
Importantly, the load consumption of electricity varies by season and the type of everyday activities. The overall
power load consumption of the PAAET is 340 kW. The size of the roof of the building, which is the focus of the
study, is nearly 1037 m?.
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Table 1: The Building (PAAET) Data Information

The Building (PAAET) Data Calculation (2)
Floor Lights KW Air-Condition KW
First 48.25
Second 19.29
workshops 30.64
Sum 98.18 2419
Final Total Load Power (KW) 340.08
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b. Energy:
The possible plant capacity which will be on the roof of the PAAET building was calculated by considering the

PV module efficiency 97%. This value is assumed to be the average annual solar insulation in Kuwait, and the
solar energy is assumed to be available for six hours throughout the day [10]:

average solar in Kuwait = 222.32 Wh/m?/day =1333.92 W /m?

After estimating the (potential, building effective area, plant possible capacity, and energy generated). The grid
design which is connected to the solar PV power plant is made.
Building E ffective Area = Building available area on the roof x 0.7

= 1037 % 0.7 = 725.9 m?

Plant Possible Capacity = 60U x Total load of PAAET building
= (60/100) x 340.08 = 204.048 KW

Energy Generated Per Day = 6 hours x Plant Possible Capacity
= 6x 204.048 = 1224.,288 KWh

A system for generating photovoltaic solar energy was installed to the roof of the PAAET building. The
estimated generated energy is shown in Table (4):

Table 2:energy generated from available roof-top area on PAAET

Energy Generated on the Building
Building available area on the roof (m2) 1037
Building effective area (m2) 725.9
Output Average Peak (W/m2) 222.32
Plant Possible Capacity (KW) 204.048
Energy Generated per Day (KWh) 1224.288
Energy Generated per month (KWh) 36728.64

V. PV Grid Connected System and Sizing
PV grid connected systems usually provide about 70% of the overall electrical power demand while the other
30% is supplied by the utility power. The overall power of the PV system was estimated to be 204.048 kW.
Thus, the assumption in this this study is that PV system supplies around 60% of the overall required energy.

a. PV Panel Sizing:
PV modules are sized under standard test conditions. The nameplate provided by the manufacturer forms a

module output which is measured under a factory controlled conditions. Under standard test conditions, solar
irradiance is 1,000 W/m? and the module temperature is 25 C°. An interesting relative comparison between the
module and sizes is provided by the wattage of standard test conditions, but it is not the same of real world
measure. According to the information provided by the manufacturer, a design criteria for PV module is made,
and the specifications of the solar panels, which were used, are shown below:

Table 3: specifications for solar panels

Specification for Solar Panels

KYOCERA SOLAR Inc. (KD 300-80 F Series)

Maximum Power Current (f;) (Amp.) 6.47
Open Circuit Voltage V) (V) 455
Short Circuit Current (1) 7.04
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Rated Power (Fpgx) (W) 234
Temperature Coefficient (Fpgx) -0.45
Temperature Coefficient (V¢ )) -0.36
Temperature Coefficient ({5z) mA/C° 0.06
Maximum Power Voltage (V) 36.2
Minimum Power (Pyinz: ) W 180
Max System Voltage (V) 600
Series Fuse Rating A 15
Electrical Tolerance % 5
PTC Rating W 2904
Module Efficiency % 17
Module Area (m?) 1.18
Cell Efficiency % 19.7

According to the data, the available area of the roof (725.9m?) where is the solar PV power plant might develop

up to 204.048 KW. As for the numbers of the required PV modules, they are calculate the following:

Number of modules = PFVIfP = 204.048 x 10_,.-"234, = 872 module

max
By using the module area and the effective area, the calculation is:

Number of modules = Effective Hreaerﬂdm[g hron = 725 'g-"'fl.lﬁ = 615.17 module

There is also a connected series-parallel combination of the modules as is shown below:

63.08 = 63 modules

The number of modules in series = SUUIIVmM I 500@52 = 13.8 = 14 modules
The number of modules in parallel = (Foy = 500) = 408.096{6&? =

max (p)

Finally, we calculate the output voltage and current by the following equations:
Output Voltage = maximum power voltage x number of PV in series
= 36.2 x 13.8 = 499,56 = 500 volt

OQutput Current = maximum power current x number of PV in parallel
= 6.47 x 63 = 407.61 = 408 Amp.

Table 4: specifications for solar panels

Solar photovoltaic power plant calculated specifications
Number of modules 615.169
Effective area (m) 725.9
Output voltage (V) 500
Output Current (A) 408
Capacity of the plant (W) 204000
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b. Sizing of the Inverter:

To be able to handle the overall number of Watts required at one time, there should be a large inverter. The
inverter is usually used to satisfy the requirement for the existence of an AC power output in the system.
Importantly, the chosen PV modules for grid-connected systems decide the choice of the inverter. Also, the
rated power should be more than less than the supplied power due to the fact that the inverter is rated at 210 kW
to provide the required 204.048 kW PV output rated power. The rating of current inverters is for the maximum
of input DC current, input DC power or the specified output power. Hence, the inverter was chosen according to
the selected PV modules.

Table 5: The specifications of the inverter

Inverter specifications
Power Gate Plus S-Type UL
Nominal Output Current (A) 216
Output Max. Current (A) 505
AC Output Nominal Voltage (V) 240
AC Output Voltage Range (V) 211~264
DC Max. Input Power (KW) 172
DC Max Voltage (V) 600
Input Max. Current (A) 830
Output Nominal Power (KW) 210
Power Factor >0.99 %
Dynamic Power Factor Control +0.8
Efficiency 96%
Operating Consumption <100 W
Operating Temperature Opt. -40° C to +50° C
THDI (at nominal output power) 3%

c. Specifications of System Sizing:

The designed system sizing and the specifications of 204.048kW power plant are given in the table below:

Table 6: The specifications of the Solar panel

Solar panel specifications

Voltage (V) 55.8
Current (A) 3.59
Efficiency 17%
Rated Power (W) 200
Temperature C° 25
Avrea of single panel dimension (mm) 1.18
Table 7:The Specifications of the Grid

The Network (Grid) specifications
Frequency (Hz) 50
Number of phases 3-phase
Voltage rating (V) 380
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VI. Simulink Output of a Designed Grid-connected PV Panel
A diagram of the general block of a PV model that uses Simulink is shown in Figure (7) below. As is shown in
the figure, the final model is built by the connection of the sub-models. PV model inputs include the level of
variable solar irradiation (G) and the variable values of temperature (T). The function of the array voltage (V) is
the output current (I). PV equation is given as follows:

gIV+IAL)
g mET — 1]

In-pen:r[nn =lop —Ip =Igy —Ioge

R;: The series resistance [Q],

V: the operation voltage [V],

Izs : The light current [A],

Iq¢. - The diode reverse saturation current [A],
I: the operation current [A].

g: Charge of one electron 1.602 x10™

n: Diode idealizing factor,

T : Junction temperature in Kelvin.

K Boltzmann’s constant =1.38 x102J/K.

There is detailed discussion of PV array modelling for MatLab/Simulink Environment [12] [13].

T S88ee8 |
ik
i

Variable Solar Irradiation (G To Workspace Area (1)

R

To Workspace Area (2)
Variable Temperature (T)
Figure7: PV module modelled in Simulink

The model consists of sixty-three modules connected in parallel and fourteen modules connected in a series, and
there is the manufacturer’s specification shown on the nameplate (See Table 5). The output voltage is ¥z and

the output current islzy, whereas the inputs are the module voltage, irradiation and the operating temperature.

The improved model and the characteristics of the PV modules are shown as follows:
The characteristics of the PV module 1-V output with varied irradiation and constant temperature are illustrated
in Figure (8).

Y characteristics

rrant (A)

Voltage (V)

Figure8: |-V Characteristic curves at varied levels of insulation
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The characteristics of the PV module P-V output with varied irradiation and constant temperature are illustrated
in Figure (9).

Power-Voltage relation

Powaer (W)

Voltage (V)

Figure9: P-V Characteristic curves at varied levels of Insulation

The current output goes up when irradiation goes up, and there is also an increase in the voltage output vice
versa. By keeping the temperature constant, when there is an increase in irradiation, there will be an increase in
output power as well. When there is constant irradiation of 222.32W/m? andvaried temperature, the voltage
output will consequently varies.

There is a margin increase in the current output when the operating temperature goes up. There is a drastic
decrease in the voltage output, which leads to net decrease in power output with an increase in temperature.

The characteristics of the PV module maximum power point tracking when the current and the voltage intersect
at a point correspond to the “knee” of the curveis illustrated in Figure (10).

¥ characteristics and Power-Voltage relation

Nt (A

(W) & Curre

Power

Vollage (V)
Figurel0: P-V Characteristic curves Maximum Power Point Tracking (MPPT)

a. Domestic (PAAET) simulation PV connected module:

Our domestic simulation PV connected module using MatLab/Simulink isillustrated below in figure (11).

Figurell: Domestic (PAAET) simulation PV connected module
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i. PV Array
The PV array system consists of 63 parallel modules. And has 14 modules connected in series. Module menu
allows plotting the I1-V and P-V characteristics of the whole array or for a selected module.

ii. Inverter Control

Five major Simulink-based subsystems used to control the system:

e MPPT Controller: The Maximum Power Point Tracking (MPPT) controller in order to obtain a DC voltage
which will extract maximum power from the PV array, the system automatically varies the Vpc reference
signal of the inverter Vpc regulator.

e Current Regulator: The regulator determines the reference voltages required for the inverter based on the
current references Id and Iq (reactive current). 1q reference in this work is set to zero.

e Vpc Regulator: Determine the (active current) Id required as current regulator reference.

e PLL & Measurements: voltage/current measurements and synchronization requirements.

e A 250-kVA 250V/25kV three-phase transformer is used to connect the inverter to the utility distribution
system.

iii.  Utility grid
Modeling the grid as a typical Kuwait city distribution grid, consisted of an equivalent 120-kV transmission
system, and two 25-kV feeders, beside loads and grounding transformer.

b. MatLab/Simulink Simulation Results:

i. DC Output:
The various scopes show the resulting signals after running the simulation.Avery well correspond value

appeared in the simulation as comparing to PV module manufacturer specifications. The operating temperature is
27°C and the initial input irradiance value to the PV array model is 550 W/m2 We will get a PV voltage
(Vpc_mean) of 545V after aroundt = 0.2 sec. When steady-state is reached, extracted power (Ppc_mean) from
the array is 144.5 KW.

Due to the operation of MPPT, and in order to extract maximum power from the PV array, the controlling
system reduces the referenced Vpc to 500V.

Figure12: Maximum DC Output Curves
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ii. AC Output:

At a temperature of 27°C and different range of irradiation, MatLab/Simulink measured the mean output power
(Pac) (V, 1) to be 144.5 KW as illustrated in figure (12) below:

Figurel3: Peak output power (Pac) curve

The mean output power (P,.) represent the peak value of the output power. On the other hand the calculation in
chapter 5 showed that the RMS value is 204kw.

AC Qutput Powerg,,s = 144.5 % /2 = 204,354 KW
After verification, the calculated results matched with the MatLab/Simulink data output curves.

V. Conclusion

This paperis a case study in Kuwait, which consist of providingthe electric load for the Public Authority Applied
for Education and Training (PAAET) building through a PV grid-connected system. Kuwait is a countryin the
Middle East with rich solar resources, so it has a good potentials for PV powered projects.The designed
photovoltaic grid total capacity is 204.08 KW whereas PAAET’s total load power is 340.08 KW.Accordingly
our PV grid can provide 60% of the total load power which is our target in this study. The design of the solar
panel (which consist of 615 modules; 63 in parallel and 14 in series) was based on MatLab/Simulink. When
comparingthe simulation value of the AC mean output power of 144.5KW which is equivalent to 204.354KW in
RMS and the calculated result of 204.08KW, the values are identical. Figure (8) and Figure (9) showed the
PV’s characteristic curves at varying insulation levels and constant cell working temperature.

Simulink was used to size and simulate the designed PV system modules, which resulted in a system of 210KW
inverter and 204KW of PV.
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VII. Appendix:
2006 ONWARDS
Parameters Definition
AT Atmospheric Temperature[°C]
RH Relative Humidity [%]
BP Barometric Pressure [mbar]
WD1 Wind Direction [Degree]
WS1 Wind speed at 10m height [m/s]
RN Rainfall [mm]
SR Solar Radiation [W/m?]
WS5 Wind speed at 1m height [m/s]
WS4 Wind speed at 4m height [m/s]
WS3 Wind speed at 6m height [m/s]
WS2 Wind speed at 8m height [m/s]
SG1 Sigma [Degree]
S (Scalar) computes a scalar average, and is used for all measurements except Wind
Direction and Rainfall. Sigma Theta (the standard deviation of Wind Direction) is
computed as a scalar average as well.
V (Vector) computes a vector average for Wind Direction as follows:
D =arctan (Dy/ Dy),
where D = Vector Average Wind Direction
Dy=( sinD)/n
Dy=(0 cos)/n
D; = Instantaneous Wind Direction measurement
And n =number of samples.
EVlev Evaporation level [mm]
EVdif Evaporation difference [mm]
BATT Battery voltage [Volt]
WS5gst Wind speed gust at 1m height, which is the maximum wind speed in every 3 seconds [m/s]
WS4gst Wind speed gust at 4m height , which is the maximum wind speed in every 3 seconds [m/s]
WS3gst Wind speed gust at 6m height, which is the maximum wind speed in every 3 seconds [m/s]
WS2gst Wind speed gust at 8m height, which is the maximum wind speed in every 3 seconds [m/s]
WS1gst Wind speed gust at 10m height , which is the maximum wind speed in every 3 seconds [m/s]
ATmx Atmospheric Temperature maximum [°C]
ATmn Atmospheric Temperature minimum [°C]
EVdtot Evaporation difference total [mm]
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