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Abstract

In recently years, global warming and climate change have gradually emerged. Photovoltaic (PV) energy has
attracted intensive research effort, due to its unique properties and versatile applications. The power generated by the
PV systems can be directly supplied to buildings or electrical grids to reduce high costs associated with using energy
such as electricity and fossil fuels. However, due to the low energy-conversion efficiency of the PV systems, it is
necessary to improve the performance of the PV systems by tackling energy loss issues. In order to achieve the
maximum power output in real time, the Maximum Power Point Tracking (MPPT) control technique is essential to
PV-assisted generation systems. In this study, we have evaluated the performance of a PV system on the roof of the
bulling at National Taiwan University. The tracking of the maximum power output of the PV system can be achieved
in real time, while the power tracking with a Perturbation and Observation (P&O) method remains unchanged. Based
on experimental results obtained from an outdoor environment over one year, the performances of PV modules under
outdoor operations are deeply affected by their location and environmental conditions. The relationship between the
performances of the PV system and the irradiation conditions for the multi-crystalline silicon PV modules utilized in
the proposed system was examined in detail.
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1. Introduction

A critical issue regarding the negative effects brought by global warming and climate change has
gradually emerged in recent years [1]-[6]. The photovoltaic (PV) energy, wind energy, and fuel cells
have been used to reduce certain carbon dioxide (CO,) emissions and efficiently mitigate the negative
effect of global warming [1]-[6]. PV energy has attracted intensive research effort because of its unique
properties and versatile applications. PV systems are utilized to directly convert light energy into electric
power so that the use of fossil fuels can be decreased. They generate electricity from sunlight instead of
using fossil fuels, so no gas is emitted. This merit makes PV systems a reliable energy source and an
efficient mitigation lever against global warming [7], [8]. However, the energy-conversion efficiency of
the PV system is still low. Hence, it is worthy to pay much attention to improve the performance of PV
system and further investigate energy conversion processes and energy loss issues. The PV system
exhibits a characteristic of extremely nonlinear current-voltage (I-V) which varies with array temperature
and solar irradiation at all times. However, they are deeply affected by environmental factors such as
irradiation intensity, temperature, incident angle, non-uniform irradiation, and shading [9]-[12]. With the
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changes of these factors, it will lead to the changes in I-V characteristics of fixed PV modules and the
reduction of output power at the Maximum Power Point (MPP) [12]-[14].

Further, the characteristics and performance of a PV generation system are deeply affected by weather
conditions when the PV generation system is located in an outdoor environment [13]-[16]. The output
power of PV modules was inherently deteriorated because of the variation of temperature and irradiation
intensity. From the experimental results and field-test data [13]-[16], it was observed that the changes in
irradiation mainly affect the PV output current, while the ambient temperature changes mainly influence
the PV output voltage, resulting in the variations of the maximum output power. The MPP and electrical
parameters for the PV modules are also influenced by the thermal effect under solar irradiation. Therefore,
it is difficult to ensure that PV modules maintain maximum power output under all possible system
operation conditions. A Maximum Power Point Tracking (MPPT) control method is required for PV
generation systems to achieve a maximum power output at real time. Some various methods, such as the
lookup table method [17], [18], perturb-and-observe method [19]-[21], and incremental conductance
method [22], have been proposed applying the MPPT algorithm to gain the maximum utilization
efficiency of the PV system.

In this study, we have evaluated the performance of a PV system on the roof of the bulling at National
Taiwan University. The output power and energy harvesting performance of the PV system have been
estimated and the power tracking with a P&O method remains unchanged. The tracking of the maximum
power output of the PV system can be achieved in real time. It is expected that using PV systems is
beneficial to reduce certain CO, emissions and cut back the use of fossil fuels. Based on experimental
results obtained from an outdoor environment over one year, the performances of PV modules under
outdoor operations are deeply affected by their location and environmental conditions. The dependence of
irradiation condition on the performances of the PV system are examined and discussed in detail as well.
All the detailed calculation results are also consistent with the observations.

2. Experimental Procedure

We installed a PV-assisted generation system on the south side of the bulling to maximizing the solar
energy efficiency. A 3.89 kW photovoltaic system was placed on the roof of the bulling at the campus of
National Taiwan University, 121.22 “east longitude and 25.01 “north latitude. We were used the eighteen-
piece multi-crystalline silicon modules connected in series-parallel to establish a 3.89 kW PV-assisted
generation system. The specification of the PV modules utilized in this study was listed in Table 1. The
open-circuit voltage V,. and the short-circuit current Iy, of the multi-crystalline silicon PV module were
36.83 V and 7.86 A measured under STCs: an irradiation intensity of 1000 W/m% AM 1.5G; and a
temperature of 25 <C. The conversion efficiency of polysilicon silicon PV module also measured as
13.3% under the STCs. On the other hand, the voltage Vi, and current I, of a single PV module at the
MPP are 29.6 V and 7.29 A, respectively. The PV module provided a maximum output power Py, of 216
W at the MPP.

First, the PV modules under solar irradiation collected solar energy and delivered the direct current (dc)
power to the PV inverter during the PV system operation. Then, the PV inverter transformed the dc power
into the alternating current (ac) power and fed it into the grid. The specification of the PV inverter (SLK-
4000, Powercom Co. Ltd.) utilized in the PV-assisted generation system was listed in Table 2. It had a
maximum input power and maximum input voltage of 4.7 kW and 500 Vdc, a nominal dc voltage of 360 -
400 Vdc, the MPP voltage range of 200 - 400 Vdc, and a maximum input current of 20 Adc. For the
output part of PV inverter, it had a maximum output power of 4.4 kW, a nominal output power of 4.0 kW,
an operating output voltage range of 198 - 256 Vac, and a nominal output current of 17.4 Aac with an
output current distortion less than 5%. The power factor of PV inverter is greater than 0.99, and the
maximum conversion efficiency of PV inverter is greater than 96%. The power could be directly
harvested by the PV inverters utilized in the PV-assisted generation system. The long-term experiments
were conducted a field test to examine the performance of the 3.89 kW PV system from January 1, to
December 31, 2012. Further, we were used the experimental data of the whole year of 2012 to evaluate
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the performances of the PV system and examine the relationship between the generation power of the PV

system and the irradiation conditions.

Table 1. The specifications of the PV modules utilized in the PV system

Items

Specifications or description*

Open-circuit voltage Vo
Short-circuit current g

Conversion efficiency

Voltage Vy,, at MPP

Current I, at MPP

Maximum output power Py, at MPP

36.83 V
7.86 A
13.3%
29.6V
7.29A
216 W

*All data was measured under standard test conditions (STC): an irradiation
intensity of 1000 W/m?, AM 1.5G, and an ambient temperature of 25 °C.

Table 2. The specifications of the PV inverter utilized in the PV system in this study

Items

Specifications or description

Maximum input power
Maximum input voltage
Nominal dc voltage

Maximum power point (MPP) voltage range

Maximum input current
Maximum output power
Nominal output power
Operating output voltage range
Nominal output current

Output current distortion

Power factor

Maximum conversion efficiency

4.7 kKW

500 Vdc

360 - 400 Vdc
200 - 400 Vdc
20 Adc

4.4 KW

4.0 kW

198 - 256 Vac
17.4 Aac
<5%

>0.99

> 96%

3. Results and Discussion

Fig. 1 was shown the irradiation intensity for the PV modules utilized in the PV system at different
months in the year of 2012. It was found that the period of the lower solar irradiation intensity is January
and February, respectively. On the other hand, the solar irradiation intensity was gradually increased from
July to October and further decreased from November to December. The maximum and minimum values
of the average irradiation intensity are 276.5 W/m? at July and 110.5 W/m? at January. The variations of
solar irradiation intensity are deeply affected the performances of PV modules under outdoor operations,
resulted in the deterioration of the generation power and output energy.
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Fig. 1. Irradiation intensity for the PV modules utilized in the PV system at different months in the year of 2012.

The output power and energy harvesting performance of the PV system have been estimated and the
power tracking with a P&O method remains unchanged. The generation power from the PV modules
utilized in the PV system at different months in the year of 2012 was shown in Fig. 2. With the rise in the
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irradiation intensity, an increase in the output power is primarily caused by the rise to a linear increase in
the photocurrent. It was found that the minimum and maximum values of the average generation power
from the PV modules under solar irradiation are 0.44 kW at January and 1.07 kW at July. The generation
power from the PV modules under outdoor operations was frequently varied with the change of the
irradiation intensity. The period of the lower generation power from the PV modules is January and
February; and the period of the higher generation power is from July to October, respectively. The higher
generation power from the PV modules was due to the higher solar irradiation intensity. The tendency for
the irradiation intensity was consistent with the variation of the values of generation power from the PV
modules. This confirms that the relationship between the irradiation intensity and the generation power of
the PV modules was highly and strongly depend on each other.
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Fig. 2. The generation power from the PV modules utilized in the PV system at different months in the year of 2012.

We further analyzed the long-term field testing results to verify the performances of grid-connected
PV system. Fig. 3 was shown the monthly output energy from the PV inverters with the P&O method
utilized in the PV-assisted generation system during the whole year of 2012. It was found that the
monthly output energy of the PV inverter with the P&O method from July to October was greater than
that generated that of the PV inverter in the January and February. For example, the output energy of the
PV inverter utilized in the PV-assisted generation system was 130 and 412 kWh in January and July at the
year of 2012, respectively. It was attributed to the higher solar irradiation intensity and the longer
irradiation time. The experimental results demonstrated that the weather conditions are deeply affected
the characteristics and performance of a PV generation system located in an outdoor environment.
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Fig. 3. The monthly output power of the PV inverter with the P&O method utilized in the PV-assisted generation
system in the year of 2012.
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system in the year of 2012 were listed in Table 3. The values of the 95% percentage, average and 25%
percentage of irradiation intensity were calculated and used to evaluate the weather conditions. The value
of 95% percentage of irradiation intensity is between 600 and 700 W/m? during the whole year of 2012.
For the lower value of 95% percentage of irradiation intensity, it was attributed to the rain and typhoon.
On the other hand, the period of the higher generation power and output power is from July to October. It
was found that the irradiation intensity and average irradiation time from July to October was greater than
the ones at other months. For example, the output power from PV modules and the average irradiation
time was 130.0 kWh and 1.08 (hour/day) in January and 412 kWh and 3.42 (hour/day) in July at the year
of 2012, respectively. Therefore, the generation performances of a PV generation system located in an
outdoor environment were deeply affected by the solar irradiation and weather conditions.

Table 3. The monthly irradiation intensity and the generation performances of the 3.89 kW PV-assisted generation
system in the year of 2012

Month Irradiation intensity (W/m?) Generation power (kW) Output power  Average irradiation
(kwh) time (hour/day)
At 95% Average At 25% At 95% Average At 25%
January 450.7 110.5 194 1.80 0.44 0.08 130.0 1.08
February 634.8 147.3 19.0 2.53 0.58 0.08 177.2 1.57
March 629.3 174.9 239 2.50 0.69 0.09 297.7 2.47
April 610.7 176.9 275 2.43 0.70 0.11 243.8 2.09
May 646.3 234.3 50.0 2.57 0.92 0.20 356.2 2.96
June 542.4 165.1 28.9 2.35 0.78 0.14 293.3 251
July 637.9 276.5 58.8 2.49 1.07 0.22 412.0 3.42
August 512.6 190.3 38.1 2.34 0.95 0.19 356.5 2.96
September 418.2 170.7 37.3 241 0.95 0.21 3234 2.77
October 697.7 282.7 60.0 2.75 111 0.24 379.1 3.15
November 655.3 201.4 28.3 2.60 0.80 0.12 2375 2.04
December 673.7 181.4 21.1 2.67 0.72 0.09 215.2 1.79

4, Conclusions

The performances of grid-connected PV system on the roof of the bulling at National Taiwan
University were verified using long-term field experiments. The experimental data for the whole year of
2012 were used to evaluate the relationship between the generation energy and the weather conditions.
Based on the experimental results, it was found that the period of the lower irradiation intensity is January
and February; and the period of the higher irradiation intensity is from July to October, respectively. On
the other hand, the minimum and maximum values of the average generation power from the PV modules
under solar irradiation are 0.44 kW at January and 1.07 kW at July. It was attributed to that the irradiation
intensity in July was higher than the ones at other months.

Further, the variations of irradiation intensity and length of average irradiation time are also affected
the output energy from PV modules under solar irradiation. The average irradiation time was 1.08
(hour/day) and 3.42 (hour/day) in in January and July at the year of 2012, respectively. Moreover, the
output energy of the PV inverter utilized in the PV-assisted generation system was 130 and 412 kWh in
January and July at the year of 2012, respectively. It was attributed to the higher solar irradiation intensity
and the longer irradiation time. Through the long-term field verifications, the generation performances of
a PV generation system under outdoor operation were deeply affected by the solar irradiation and weather
conditions. All the detailed calculation results are also consistent with the observations.
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