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ABSTRACT


Grid-connected photovoltaic (PV) systems are usually subjected to harsh environmental conditions and high voltage bias. Performance testing of thin-film PV module arrays under such conditions could lead to understanding of key reliability issues and avenues for improving manufacturing technology. Thin-film PV modules manufactured by major US companies are being tested at the FSEC site.  Monitoring of array output voltage, current, back of module temperatures, relative humidity, solar irradiance, UV irradiance and wind speed is carried outcontinuously.  Plotting of power and irradiance for sunny days is now being complemented by new methods i.e. regression analysis, comparison of I-V curves for observing degradation of modules with time. Hurricane protectors were installed to ensure no major loss of data during the hurricane seasons. High voltage bias testing is being carried out to study leakage currents in individual modules. IR images are taken regularly for visual signs of degradation.
1. Objectives

The objective of this study is to monitor the performance of thin-film PV modules from major US manufacturers under high voltage and hot and humid climate, to carry out regression analysis of data and compare I-V curves.
2. Technical Approach

Outdoor testing and monitoring of upto 130 photovoltaic (PV) thin-film modules fabricated by First Solar (Glass/CdTe/Glass), Shell Solar (Glass/CIS/Glass), United Solar (a-Si:H on flexible substrate), Energy Photovoltaics (Glass/a-Si:H/Glass) and Global Solar (CIS on flexible substrate) with an additional crystalline silicon (c-Si) module is being carried out at FSEC.  The modules are connected in series so as to reach a maximum voltage of +600V or -600V.  Data is monitored on a daily basis and has been made available online.  Earlier data analysis consisted of comparison of plots of power and irradiance vs. time for sunny days.  Recently, novel analysis methods have been introduced to project degradation of modules with time.  These include regression analysis of monthly data and comparison of peak power from I-V curves.  To avoid major loss of data during hurricanes, galvanized steel corrugated sheet protectors were designed for each individual array.

Two modules from each company are also biased at +600V or -600V individually as a part of the high voltage bias testing project to study variation of leakage currents from the frame to ground. All measurements are done at 15-second intervals and averages over 15 minutes are recorded.  
3. Results and Accomplishments

3.1 Present Status.
    Data is monitored on a daily basis for any discrepancies and Power (V*I) versus Irradiance graphs are plotted. It was also observed that the values of power (V*I) are comparable to those obtained using (V2/R), where R is the load resistor. The daily log is summarized into weekly and monthly reports for analysis. Error analysis of data stored on the website is also carried out using a C-program that was developed in-house. PV system performance monitoring by regressions to Performance Test Conditions (PTC) is the commonly used method because PV module and array temperature measurements are not needed and the magnitude of power obtained by PTC is much closer to the actual operational power values [3].  A LABVIEW program similar to the program used by NREL for data analysis was developed at FSEC.  This program allows the user to select a .DAT file (with column headers removed) with monthly data consisting of power for the array, irradiance, windspeed and ambient temperature.   The program fits data to a curve to obtain temperature coefficients from the input parameters. These are then used to calculate the PTC power for the particular module array. The PTC power for each month is calculated and plotted to obtain degradation rate over the required period.
        An analysis of PVUSA regression data complemented by the variation of normalized power with time and I-V characteristics was used to obtain indications of degradation, though these activities were not stipulated in the original Statement of Work. Most of the thin-film PV modules have continued to show a good performance in consistence with their ratings.  Modules with the latest fabrication technology do not show signs of degradation. The Power vs Month graph for one of the module arrays is given in Fig. 1.
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 Fig. 1: Plot of PTC power vs. month of the year (2005)
  [image: image2.png]



Fig 2: Array for FS, SS, USSC, EPV and GS modules.

   NREL personnel visited FSEC in July 2005 to calibrate the data acquisition system (DAS), to obtain I-V curves and to evaluate the PV installation. I-V curves were taken for eight PV strings and two modules installed at the FSEC PV Installation site.  The curves were taken during a slightly cloudy day, hot ambient temperatures and moist conditions. I-V characteristics for each of the module arrays obtained by the FSEC team were found to be comparable to those obtained by the NREL personnel. End-to-end system calibration was also performed. Module voltages, currents and temperatures were simulated by the calibrator at the array site and corresponding readings at the data logger were recorded. It was found that the DAS values corresponded well with the actual calibrator output; the deviation was <+/-1%. No issues related to noise or stray signals were evident from the initial calibration data. 

As a response to several hurricanes strikes in the summer of 2004, protective shields were designed and fabricated at FSEC during Spring and Summer 2005. Visiting NREL personnel inspected the completed protectors in the month of July 2005 and approved them. These protectors eliminate the need to remove and reinstall modules in the event of future hurricane threats. The structures can be installed in one afternoon, as was successfully demonstrated in a practical trial to the NREL personnel during July 2005 (Fig. 3). Un-installation can be accomplished within a few hours, thus reducing chances of major loss of data. Four months of data was lost as a result of the 2004 hurricanes and associated module removal; use of module protectors should reduce DAS downtime to few days during hurricane alerts. 

    Earlier research has shown that high leakage currents generated in biased PV modules are functions of voltage, temperature and especially Relative Humidity (RH).  These can lead to electro-migration and degradation and thus become important issues for reliability [2,3]. It can also become a safety issue because part of the high voltage potential on the encapsulated PV circuit can appear on the body of the modules.  Monitoring of leakage currents (LCs) with relevant ambient meteorological elements and study of correlation between them is being carried out at FSEC for 8 thin-film modules to explore methods for enhancing durability and reliability of PV modules.  LCs to ground from PV modules biased individually are monitored from midnight to midnight together with solar irradiance, relative humidity, back of module temperatures, ambient temperature and wind speed. Two-dimensional and three-dimensional plots are plotted on daily basis showing variation of leakage currents with solar irradiance, relative humidity, temperature, and time.
[image: image3.jpg]


  

Fig 3:Protectors being tested for fit on modules

   LCs have been observed to be dependent on temperature, relative humidity and voltage bias [2,3].
3.2 Future Tasks

i) Continue data acquisition of outdoor monitoring and HV biased modules on a regular basis. ii) Comparison of power and irradiance curves for one sunny day in each quarter of the year. iii) Regression analysis of PV module data to observe degradation rate in module arrays. iv) Carry out I-V measurements and compare with previous I-V measurements on a periodic basis.  
4. Conclusions


From power and irradiance plots for sunny days, it was observed that modules fabricated with current technology do not show signs of degradation.  The same was observed with PV regression analysis of daily data from module arrays as well as comparison of I-V curves.  Hurricane protectors designed, fabricated and tested by the FSEC team will reduce DAS downtime to few days during hurricane alerts.  Monitoring of data on a regular basis and protection during the hurricane season has led to improved data quality during FY 2005.


Monitoring of leakage currents for high voltage bias modules shall be continued to study any degradation with environmental conditions.
ACKNOWLEDGEMENTS


This work is supported by the NREL and the Thin-Film Partnership. The authors are thankful to Bolko von Roedern, Harin Ullal, Ken Zweibel and Carl Osterwald, NREL, and colleagues from FS, SS, USSC, EPV, and GS for useful suggestions and discussions.
REFERENCES

[1] C. R. Osterwald, et al, “Resistive Loading of Photovoltaic Modules and Arrays for Long-Term Exposure Testing”, National Renewable Energy Laboratory.

[2] N. G. Dhere, S. M. Bet and H. P. Patil, “High-Voltage Bias Testing Of Thin-Film PV Modules”, Proc. 3rd World Photovoltaic Solar Energy Conf. Osaka, Japan, CD, presentation 6P-A9-42.
[3] N. G. Dhere, V. Hadagali, and S. Bet, “Leakage Currents Pathways, Magnitudes and Their Correlation to Humidity and Temperature in High Voltage Biased Thin Film PV Modules”, presented at 19th European Photovoltaic Solar Energy Conference, Paris, France. June 2004.
EPV





FS





SS





USSC





GS















































