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RINGKASAN: Dalam sebuah sistem fotovolta tersambung grid, modul-modul fotovolta digabungkan 

menjadi susunatur fotovolta (PV), menghasilkan arus terus (DC) dan memasuki penyongsang seterusnya 

bertukar menjadi kuasa arus ulang alik (AC). Apabila sistem AC fotovolta menjadi lebih besar daripada 

keperluan pengguna, penyongsang menghantar lebihan kuasa e/ektrik terus ke grid untuk kegunaan 

pengguna yang lain. Pembekal elektrik membekal kuasa pada waktu ma/am dan juga pada ketika 

keperluan pengguna mengatasi keupayaan sistem fotovolta. Sebuah sistem fotovolta tersambung grid 

5. 76 kWp (kilowat puncak) telah dipasang di Universiti Kebangsaan Malaysia, Bangi. Analisis awal 

prestasi purata harian telah dilakukan. Output purata tenaga harian adalah 15. 1 kWh. Maka sistem ini 

berpotensi menghasilkan 5500 kWh setahun. Puncak pengeluaran tenaga elektrik dari PV bersamaan 

dengan beban puncak grid di Malaysia. Prestasi nisbah (PR) yang tinggi boleh didapati dalam sistem 

yang mempunyai penyongsang yang cekap. Nilai min tenaga yang diterima daripada matahari yang 

tinggi berpadanan dengan nilai PRd yang rendah. Purata nisbah prestasi dalam jangka waktu ujikaji ini 

adalah 59% dengan nilai minima 23% dan maksima 74%. Purata kecekapan harian susunatur fotovolta, 

penyongsang dan sistem adalah masing-masing 8.2%, 90.5% dan 7.1%. 

ABSTRACT: In a grid-connected photovoltaic system, the photovoltaic modules, wired together to 
form a photovoltaic (PV) array, pass direct current (DC) electricity through an inverter to convert it into 
alternating current (AC) power. If the photovoltaic system AC power is greater than the owner's needs, 
the inverter sends the surplus to the utility grid for use by others. The utility provides AC power to the 
owner at night and during times when the owner's requirements exceed the capability of the photovoltaic 
system. A 5.76 (kilowatt peak) kWp grid-connected photovoltaic system was installed in Universiti 
Kebangsaan Malaysia, Bangi. Preliminary average daily performance analysis of the system was 
conducted. The mean daily energy output of this system is 15.5 kWh. Hence, the system has the 
potential of generating approximately 5500 kWh per year. In addition, the peak production of electricity 
by PV coincides with the peak load of the public grid in Malaysia. A high daily performance ratio (PRd) 
can only be obtained in a system with a highly efficient inverter and furthermore high values of mean 

daily energy received from the sun (E,.d) corresponds to lower values of PRd. The average performance 
ratio for the period tested was about 59% with minimum and maximum values of 23% and 74% 
respectively. The average daily efficiencies of the photovoltaic array, inverter and system yield were 
8.2%, 90.5% and 7.1% respectively. 

KEYWORDS: Grid-connected, photovoltaic system, inverter, efficiency, global solar radiation, 
performance Ratio. 
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INTRODUCTION 

The applications of solar energy can be broadly classified into two categories: thermal systems 

which convert solar energy into thermal energy and photovoltaic systems which convert solar 

energy into electrical energy. Presently, research and development programs in developing 

countries are oriented toward applications of solar energy for domestic hot water systems, 

solar distillation of sea and brackish water, water pumping, drying of agricultural produce, 

solar industrial process heat, and photovoltaic for remote applications. However, in the 

developed countries extensive work have been carried out on space heating and cooling 

(passive and active design), building integrated photovoltaic systems and products, daylighting, 

solar thermal electricity generation, and solar refrigeration (Truly, 2000; Eliassen, 2000). 

The photovoltaic electricity generating system can be classified into three types: the stand

alone system, the hybrid system and the grid-connected system. The stand alone system 

consists of the photovoltaic array which is built up of a number of photovoltaic panels to make 

up the peak power capacity, the charger-controller for controlling and managing the charging 

and discharging of the battery, as well as the load demands and a battery bank for storing the 

electric energy generated for later use. 

The hybrid system has the components of the stand-alone system plus additional power 

generating system or systems. Normally, the additional power generating system is a diesel 

generator. The hybrid system is capable of supplying power without interruption since the 

diesel generator can be programmed to operate at such intervals so as to maintain the battery 

bank fully charged. Such systems are very essential for telecommunication application. Hybrid 

systems also combine a number of electricity production and storage facilities to meet the 

energy demand of a given facility or community. In addition, engine generators, wind generators, 

small hydro plants, and any other source of electrical energy can be added as needed to meet 

energy demands and fit the local geographical and temporal characteristics. These systems 

are ideal for remote applications such as communications stations, military installations, and 

rural villages. 

The grid-connected photovoltaic system consists of the photovoltaic array and an inverter. 

The inverter converts the direct current electricity generated by the photovoltaic array into _ 

alternating current electricity which is synchronized with the mains electricity so that excess 

electricity generated at any time is fed into the grid. The owner of a grid-connected photovoltaic 

system could not only buy, but could also sell electricity provided that there is an agreement. 

This is because electricity generated by the photovoltaic system can be used on site or fed 

through a meter into the utility grid. When a home or business requires more electricity than 

the photovoltaic array is generating (for example, in the evening), the need is automatically 

met by power from the utility grid. When the home or business requires less electricity than 

the photovoltaic array is generating, the excess is fed (or sold) back to the utility. Used this 
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way, the utility backs up the photovoltaic like batteries do in stand-alone systems, thus 
eliminating the need for a battery bank which adds to the cost of the system. At the end of the 
month, a credit for electricity sold gets deducted from charges for electricity purchased. 
Therefore, the grid or utility acts as an infinite energy sink. Through the grid-connected 
photovoltaic system implementation, we are able to reduce the initial investment cost and 
create an indirect energy conservation effect due to the involvement of consumers to their 
energy supply and consumption. 

Grid-connected photovoltaic system in Malaysia is actually in the pilot stage. As at the time of 
writing there are three grid-connected systems under study, one a 5.76 kWp system at the 
Solar Energy Research Center of Universiti Kebangsaan Malaysia, a 3kWp at the system at 
the Tenaga Nasional Berhad Research and a 8 kWp system at the British Petroleum (B)P 
petrol station on the Kesas Highway. 

This paper presents a preliminary daily performance analysis of the grid-connected photovoltaic 
system operating at UKM, Bangi under the local climate conditions. The energy produced by 
a grid-connected photovoltaic depends on the climate factors (incident solar radiation and 
module working temperature), inverter characteristics (yield, working point and operation 
threshold defined as the minimum required power to connect the inverter to the grid) and the 
coupling system to the grid, which depends on the characteristics of the energy produced by 
the inverter on grid stability and availability. 

SYSTEM SPECIFICATIONS 

Schematic Diagram 

Figure 1 shows the schematic diagram of the pilot grid-connected photovoltaic system installed 
in the Solar Energy Research Park at the Universiti Kebangsaan Malaysia in Bangi. In this 
system DC power is generated by the photovoltaic array and through an inverter to convert it 
into AC power. If the photovoltaic system AC power is greater than the owner's needs, the 
inverter sends the surplus to the utility grid for use by others. The electricity generated by this 

_ system is coupled at a nearby transformer located within the Universiti Kebangsaan Malaysia 
ring circuit. 

The Photovoltaic Array 

The system consists of 72 BP280F photovoltaic modules, an inverter, 2 energy meters, panels 
supporting structures, cables and surge arrestor. The active solar array comprises 9 strings of 
8 modules connected in series. The solar module strings are mounted on an array structure. 
The module strings are connected in parallel together inside the array junction box. The nominal 
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Photovoltaic 
panel 

Figure 1. Schematic diagram of the grid-connected photovoltaic system 

power of each module is 80 watts and therefore the system peak power is 5.76 kWp. The area 

of the whole array is 45.36m2• Moreover, the tilt angle of the solar photovoltaic modules is 10° 

facing due south. 

The Inverter 

The inverter is a Solar Grid Interactive Sinewave Inverter (5kW 110 VDC to 240 V 50 Hz 

Single Phase) as shown in Figure 2. This inverter converts the DC energy produced by the 

solar modules directly into 240 V, 50 Hz AC and exports it to the grid. The inverter automatically 

synchronises with the grid when the grid is present and within specification. It is fully automatic 

and under normal operating conditions required no operator input. The inverter automatically 

starts when solar insolation is sufficient and grid supply is present. 

Figure 2. The Inverter for the grid connected system 
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Environmental Monitoring Equipment 

For measuring and monitoring purposes, two Eppley black and white pyranometers have 
been used along with four type K thermocouples, a voltage divider to measure the incoming 
DC voltage, a shunt resistor to measure the DC current, two manual energy export and import 
meters as shown in Figure 3 and a ten channel Yokogawa DR130 hybrid recorder. The error 
in solar radiation and temperature measurements is about 2% and 1.8% respectively. 

Figure 3. The Import and Export Power Meters for the grid connected system 

RESULTS AND OBSERVATIONS 

Basic Equations 

Daily performance data for a period of over forty-six days have been recorded. The daily 
energy balances of the different parts of the installation have been evaluated. These balances 
can be used to calculate the mean daily yield of photovoltaic array, inverter and complete 

- system. To calculate the efficiencies, the energy received when the inverter is working and the 
daily energy incident on the photovoltaic array have been considered, The following equations 
have been modified from the equation used in Cardona and Lopez (1999). 

The daily photovoltaic array yield is given by the following equation 

TJ PV,d 
E PV,d 

E,,d 
(1) 

where EPit,d is the daily energy (in kWh) supplied by the modules and E ,,dis the available daily 
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energy, defined as the daily irradiation on the plane of the array surface during the time the 

inverter is connected to the grid and is given as 

(2) 

where C = O if the inverter is out and C =1 if the inverter is operating, n is the total number of 

values recorded daily and E; the total energy received on the plane of the array surface 

during one measured interval. 

Therefore, if C = O for E; < the inverter threshold and E; ~ the inverter threshold, while the 

inverter is disconnected from the grid. 

The daily system yield 11 d can be evaluated using the following equation sys, 

E 9,id,d 
11 = --

sys,d E 
r,d 

(3) 

where E .d d is the daily active energy at the output of the inverter and consequently, to the 
gn t 

grid. 

In order to compare the yield of the photovoltaic system with other PV system, two other 

parameters are needed namely the final yield and the Performance Ratio. The final yield is 

defined as the annual or daily system energy output divided by W p,c, where W p,c denotes the 

previous estimated peak power of the array under standard conditions: 

Y,,d 
E grid,d 

w 
p,c 

(4) 

The daily Performance Ratio (PRd) is defined as the ratio between the daily final yield and the 

daily global irradiation on the plane of the array surface E i,d. 

GSTC 
PR d = y t,d x --

E ;,d 

(5) 

Gsrc is the irradiance under Standard Testing Conditions. The PR ratio allows to compare 

results from the current grid connected system with those of other grid-connected photovoltaic 

systems, irrespective of their location, tilt angle, orientation and nominal power. 
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Analysis and discussions 

Table 1 shows the minimum, maximum and average daily performance data for the 5.76 kW 
grid connected system. The average performance ratio for the period tested was about 59% 
with minimum and maximum values of 23% and 74% respectively. The average daily 
photovoltaic array, inverter and system yield are 8.2%, 90.5% and 7.1 % respectively. 

Table 1. Daily average values for 5.76 kW grid-connected PV system in UKM Bangi 

No. Parameters Unit Minimum Maximum Average 

1 Ambient temperature, T. oc 32.6 35.8 34.2 

2 Module temperature, Tm oc 41.4 48.1 44.8 

3 Daily energy produced by the panel, E pv.d kWh 10.1 18.6 15.9 

4 Daily energy from the sun, E,.d kWh 189.2 236.8 198.0 

5 Daily energy output of the inverter, E9nd d kWh 13.4 18.3 15.6 

6 Daily photovoltaic array yield, llpv.d % 7.3 9.0 8.2 

7 Daily inverter yield, ll;nv,d % 86.2 93.0 90.5 

8 Daily system yield, 11,ys,d % 5.0 8.0 7.1 

9 Final daily yield, \d kWh/kWP 2.3 2.9 2.8 

10 Inverter threshold, l,h W/m2 23.1 25.2 24.1 

11 Performance ratio, PRd % 23.0 74.0 59.0 

Using the linear regression method, the temperature dependence correlation between the 
module temperature Tm' ambient temperature Ta and solar radiation la can be describes as 
Tm-Ta= 1.08 + 0.021a as shown in Figure 4. The slope of this equation varies as a function of 
wind speed. la is proportional to Tm· However from previous experience, we found out that 
module efficiency decreased by 0.06 per °C with an increase of module temperature exceeding 

25°C (Yatim et al, 1989). 
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Figure 4. Temperature difference (Tm • T. ) as a function of solar radiation (I.) 
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The daily photovoltaic array efficiency Tl d has the closest relationship with the available solar pv, 
energy and module power (Munro and Blaesser, 1994). The Tlpv,d is quite low compared to the 

value claimed by supplier 12.4%. The decrease of rt d may be due to (a) reflection due to pv, 
cover glass and solar cells (b) the increase of module temperatures (c) wiring losses (d) 

mismatch losses (e) series connection modules & parallel connection of strings and (f) efficiency 

of array Maximum Power Point (MPP) tracking (Imamura, 1994). 

The inverter threshold is defined as the minimum power required to connect the inverter to the 

grid. The l1h,es for this system at UKM, Bangi is 24.1 W/m2 . Therefore, it does not contribute a 

great loss to the system overall losses. 

The average energy output E .d d for the system is 15.6kWh. It is thus estimated that the 
gn ' 

system could generate approximately 5500kWh per year. The E .d d is a value that includes gn , 

the influence of Tlpv,d and Tl;nv,d" If we were able to optimise the system, this would lead to a 

higher daily energy output and in the future grid-connected PV system might be one of the 

main energy contributors for Malaysia. 

Figure 5 shows the correlation of the average in-plane global solar irradiation (IG) and the PRd 

for certain days. The PRd is defined as the ratio between the daily final yield & the daily global 

irradiation on the plane of the array surface. As clearly shown in Figure 5, there is a strong 

dependence of the PRd on the Ei.d" Higher values of E,.d corresponds to lower values of PRd. In 

grid-connected photovoltaic system, performance ratio characterizes the efficiencies of the 

solar modules and inverter and also their relative dimensions or matching within the total 

system (Kiefer and Hoffmann, 1994). 
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Figure 5. Plot of the average-in-plane global solar radiation and the performance ratio 
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Taking into account the influence of inverter efficiencies towards the PRd, Figure 6 presents 
the proportional relationship between them. The PRd values for the system mainly ranges 
from 56% to 69% with the ll;nv,ds falling within 85.0% to 93.0%. The inverter appeared to be 
behaving with narrow ranges of inverter efficiency. High PRds can only be obtained in a system 
with a higher inverter efficiency. In comparison with hybrid and stand-alone systems, grid
connected PV systems show the highest PRds· The reasons for this are (a) omitting the needs 
of battery (thus avoiding associated losses) and (b) the energy is not wasted (surplus energy 
will be contributed to the grid) (Munro and Blaesser, 1994). 
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Figure 6. Inverter efficiency as a function of performance ratio 

There are a few reasons (still under research) that might attribute to the reduction of the 
inverter efficiencies. Among the many reasons include (a) prolonged inverter operation at 
part/ low loads (b) oversizing of the inverter to supply loads with high starting currents and (c) 
inverter control circuitry with high power consumption (Munro and Blaesser, 1994). 

Figure 7 shows the variation of solar global irradiation with time of the day. This is a typical 
example of the solar global irradiation with a high value of energy production in a day. In 
Malaysian climate, we experience the high solar radiation conditions usually from 11.00 AM to 
3.00 PM which coincides with the peak production of electricity by PV. The consumption of 
energy for air condition in houses and business premises would expectedly increased during 
this period. Therefore the implementation of grid-connected PV system will be able to ease 
the peak demand of electricity (supplied by TNB) and can be considered as very appropriate 
for Malaysia. 
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Figure 7. Solar radiation as a function of the time of day - E pv.d + 19.32 kWh 

CONCLUSIONS 

The average daily performance of a 5 kW grid connected system has been presented. The 

objective of grid-connected PV system installation in Solar Technology Park UKM, Bangi is to 

experience the design tasks, operation and the performance analysis of such system specifically 

in Bangi climate conditions. Performance analysis is very essential in order to examine how 

the losses of grid-connected PV system can be attributed to the various components'. Future 

studies include evaluating the monthly and annual performance of the system. The system is 

capable of generating up to 5500kWh a year. From the average daily performance analysis 

the followings can be observed (a) a high PRd usually describes a low value of E;,d· (b) the 

daily inverter efficiency values range between 86.0% to 93.0%. However, a high inverter 

efficiency value does not always lead to a good performance ratio and (c) .Malaysian climate 

is very suitable for grid-connected PV system implementation according to the same period of 

peaking available solar energy and the peaking demand of electricity from consumers. 
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