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Abstract

:

In this paper we analyze an experimental 1000 kWh/month distributed generation system in a tropical region connected to a point of common coupling in a low voltage grid that was characterized according to NTC 5001. This photovoltaic system has 7.8 kWp and uses 30 polycrystalline silicon-panels of 260 Wp each. Its maximum energy produced was 850 kWh/month, equivalent to 72.65% of the installed capacity. Finally, there was an increase of 2% with respect to the minimum voltage value that was recorded. The voltage unbalance decreases between 3.5 and 70% and voltage harmonics in each line increased by 7% on line U1, 0.8% on U2, 3% on U3 and current harmonics have a 22% increase. Likewise, the total active and reactive power were increased by 58% and 42% respectively, and the thermography study allowed to establish a temperature increase at the point of common coupling of 7.5%. Therefore, it is expected that this paper can serve as a reference for the application of Colombian law 1715 in solar energy.






Keywords:


solar energy; experimental network; power quality; low voltage












1. Introduction


In response to the increase in energy demand and environmental restrictions on greenhouse gas emissions around the world, attention is now focused on renewable energy sources. Solar energy is considered an unlimited resource, so it could contribute to reduce the use of fossil fuels and their negative impacts. Moreover, it is considered more environmentally-friendly [1], safer, noise-free and easy to install [2]. Photovoltaic systems (PV) are manufactured using semiconductor materials such as silicon, which converts the incident radiation into electricity. This process is carried out directly and instantaneously, without complicated mechanical components [3] with maximum efficiencies reached in the range of 12–15% [4], in the case of commercial polycrystalline silicon cells.



Likewise, the PV industry and the market have grown rapidly in recent years, the main reason being the reduction of the generation costs and government policies that promote the introduction of PV systems connected to the grid. However, this growth has not been followed by developments in the field of failure diagnosis, monitoring and detection in PV systems, particularly in power outputs smaller than 25 kWp [5], a procedure that allows one to establish the state of a PV installation, the efficiency with which it is operating, as well as its behavior against climatic variables, such as ambient temperature, solar radiation and wind speed.



The International Energy Outlook (IE) indicates that energy consumption will increase by more than 28% in 2015 (6.06 × 1026 kJ) to 2040 (7.76 × 1026 kJ) and predicts that there will be a significant increase in the consumption of coal reserves in the next 20 years. This institution suggests that, in order to achieve a contribution to global energy demand and a significant impact on pollution reduction, renewable energy sources should grow in such a way that, by the year 2050 they will become more than half of the world’s energy needs [6]. According to the Renewable Energy police Network for the 21st Century (REN21), the contribution of renewable energy to global energy generation is 16%. The so-called new renewable energies, which include photovoltaic generation, contribute 0.6% [7].



It must be added that interconnected photovoltaic systems are being used as a complement to conventional energy generation in many countries [8,9]. Applications range from a small power generation in remote areas in the past 25 years to the installation of centralized stations with large photovoltaic generation capacity scale. In recent years, a great interest in urban consumers has been generated as a distributed generation application, where plants with small generation capacity are installed on the roofs of buildings or residences within the Building Integrated Photovoltaic Systems (BIPVS) concept. Nowadays, there is a variety of hybrid energy solutions for building applications [10,11,12,13], and especially ones with the integration of photovoltaics [14,15,16]. Their implementation mostly depends on the climate, geographical location, building type and on the availability of the energy resources on site. Despite the promising potential, one of the most important problems of PV systems is the dimensioning of its components, because, if a PV system is not correctly dimensioned, it does not work as expected [17].



Therefore, the sizing of grid-connected photovoltaic systems (GCPV) involves two main procedures, namely the technical sizing procedure and the economic sizing to determine the expected technical performance indicators and the economic performance indicator of the proposed system. In technical terms, the estimation of the energy produced by a GCPV is a widely studied concept [18,19,20,21]; we can find, based on various approaches to design-based software recently introduced, [22] methods and models for simulation to simplified calculation methods [23,24].



Currently there are online calculation methods that web pages of different organisms display, such as Joint Research Center (JRC) [25]. The design of the photovoltaic system connected to the low voltage grid (GCPV) of 7.8 kWp in this case of study was carried out following the recommendations by [26,27,28] with regard to the system evaluation, studies have been carried out in Europe and worldwide on the performance of photovoltaic systems operating outdoors as reported by [29,30,31,32,33,34,35].



On the behavior of the power quality at the point of common coupling (the low voltage network and a distributed generation system), many authors propose some possible solutions. Marnay [36], proposed a control strategy to control the voltage imbalance, the total harmonic distortion and the voltage gaps or SAGS, caused by large non-linear and unbalanced loads. Li et al. [37], suggested the use of a series-parallel converter to control the voltage imbalance and the current demand in the case of a fault in the network. A converter consisting of three single-phase inverters to control unbalanced and non-linear loads is proposed by [38,39]. Papadimitriou et al. [40] suggest that the imbalance of power, during the transition of the micro-grid from the mode connected to the disconnected can be restricted with a fuzzy and Zamani control et al. [41] proposed a closed-loop control strategy that allows the micro-grid to maintain a good power quality without changing the modes.



Although Latin America has a high potential for the use of photovoltaic energies [42], it lacks such studies. The performance evaluation of photovoltaic systems involves the calculation of the following parameters: annual energy generation, reference performance, final yield, system losses, loss of cell temperature, photovoltaic module efficiency, capacity factor and yield ratio among others [32]. The results obtained provided useful information to policymakers and organizations interested in the actual performance of grid-connected photovoltaic systems in a region or country [43].



Colombia has abundant natural resources, including a high-water potential, gas, coal, wind resources, solar energy and biomass. It is also located in an area of high geological activity that would make geothermal exploitation possible. One of the main difficulties is the lack of detailed information on the true potential of non-conventional renewable energy sources.



In general, the whole territory of Colombia has a good solar energy potential, with a daily average insolation of around 4.5 kWh/m2 (La Guajira Peninsula, with an average value of 2.200 kWh/m2/year can be highlighted) (Figure 1). Although Colombia has favorable legislation for alternative energies, the costs of implementation of photovoltaic systems compared to other energy sources remain high, with current costs of 2100 USD/kWp, only exceeded by geothermal generation at 2200 USD/kWp and higher than hydroelectric power plants with costs of 1300 USD/kWp, coal-fired power plants of 800 USD/kWp, thermoelectric plants with combined cycle gas with 900 USD/kWp, wind power plants at 1200 USD/kWp and cogeneration 500 USD/kWp. However, due to the low operation and maintenance costs of photovoltaic systems, these can surpass coal-fired power plants and combined-cycle gas-fired thermoelectric plants, making them an excellent alternative to be included in the Colombian energy matrix.



In 2014, Colombian government signed law 1715 which established the legal framework for the promotion and exploration of non-conventional energy sources, mainly from renewable sources, the promotion of investments, research and development of clean technologies in energy production. Experimental studies are needed to solve the problems of voltages caused by photovoltaic systems, since experimental data can show the actual behavior of the system.



Thus, all the technical problems (voltage, power, synchronicity, flicker and frequency) originating at the point of common coupling between the grid and the photovoltaic system should be thoroughly studied before its implementation. In this paper an evaluation of a photovoltaic system of 7.8 kWp, connected to a point of common coupling of a low-voltage grid, located in the city of Ibagué (Colombia) was carried out. Besides that, in this paper we present the behavior of the power quality at the common point of connection between a distributed generation system and a low voltage grid in a tropical region. This work is organized as follows: Section 2 describes the system and shows the evaluation parameters based on standards for Colombia. Section 3 explains the methodology of Colombian Technical Standard NTC 5001 for measurements in the energy quality studies. Following this, we present the instruments for the measurement in Section 4. Section 5 summarizes our results (system efficiency, power quality and thermography analysis), while Section 6 offers the conclusions.




2. Description of the Photovoltaic System Connected to the Low Voltage Grid


The experimental photovoltaic system has operated from February 2016 to date. It is located in block 3 at the Universidad de Ibagué at 1285 above sea level, latitude 4°26′54″ N, longitude 75°11′56″ W. The structure is made of I-beams of AISI 1045 steel, whose slope was calculated to be 12.3°, as shown in Figure 2, The system consists of 30 panels tilted at a fixed angle of 14° and oriented towards the north with an azimuth of 4°, it is divided into three modules with 10 IBC PolySol 260-CS polycrystalline silicon panels each (Colombinvest, Bogotá, Colombia, Table 1), which are connected in series covering an area of 49.1 m2. A Fronius Primo 7.6-1 inverter (Colombinvest, Bogotá, Colombia, Table 2) with a rated maximum efficiency of 96.9% and maximum AC power of 7600 W is also part of the circuit, as well as the Itron ACE300 bidirectional counter (Colombinvest, Bogotá, Colombia), which measures the data about the total energy generation.



Moreover, the sizing ratio, which represents the ratio between the PV array installed capacity and the inverter capacity, in the present case, is 1.0. Data is recorded in 1 min intervals and processed by a computer. Solar radiation, wind speed and ambient temperature were provided by an automatic Meteorological Station (100 m away from the PV system) at the Universidad de Ibagué, Colombia.



2.1. Performance Parameters


In order to evaluate the performance of a photovoltaic system connected to the low voltage grid, parameters of the IEC 61724 standard are taken as a reference: output energy, yields (Reference, Array, Final), array and system losses, Efficiencies (Array, System, Inverter) [29,30,31,32,33,34,35]. These standardized performance parameters are relevant because they provide a basis by which grid-connected photovoltaic systems can be compared under various operating conditions [29].




2.2. System Efficiency


The yields indicate the actual operation of the modules relative to their rated capacity; they can be classified into three types: array performance (Ym), final (YF) and reference (YR) [29]. The array performance (Ym) is defined as the output direct current (DC) of the photovoltaic array over a period of time, divided by the nominal power. Other authors represent it as the time, measured in kWh/kWp, that the photovoltaic modules must operate at their nominal power to generate the energy produced [44]. It is represented by Equation (1):


   Y m  =    E D     P  P V      (    kWh     kW  p     )   



(1)




where ED is the energy output of the photovoltaic module in (kWh), and PPV the nominal power of the array in kWp.



The final yield (YF), defined as the total energy (EA) generated by the PV over a period of time divided by the nominal output power (PPV) of the installed system [45], is given in Equation (2):


   Y F  =    E A     P  P V      (    kWh     kW  p     )   



(2)







The reference yield (YR) is a measure of the theoretical available energy at a specific location over a period of time, corresponds to the total in-plane irradiance (GT), divided by the reference irradiance (GR) under conditions of Standard temperature which is 1 kW/m2, obtained with Equation (3):


   Y R  =    G T     G R     (    kWh     kW  p     )   



(3)







The modules capture losses (Lm) which are the difference between the reference yield (YR) and the array performance (Ym), it represents the losses due to the operation of the modules that demonstrate the inability of the system to fully utilize the available irradiance [46]. They are obtained by Equation (4):


   L m  =  Y R  −  Y m   (    kWh     kW  p     )   



(4)







The inverter losses (LI) due to the conversion from DC power output to AC power in PV solar panels. They are given by Equation (5):


   L I  =  Y m  −  Y F   (    kWh     kW  p     )   



(5)







The efficiency of a PV system can be grouped into three categories: the photovoltaic module efficiency, system efficiency and inverter efficiency. The photovoltaic module efficiency (   η  P V    ), is the relationship between the daily output power (ED) and the total daily irradiation product in the (GT) plane and the area of the photovoltaic array (Am) [46]. PV module efficiency is calculated by the Equation (6):


   η  P V   =   100   ×    E D     G  T     ×    A m     ( % )   



(6)







The system efficiency (   η S   ) represents the performance of the entire PV system installed and is calculated by the Equation (7) and the inverter efficiency (   η I   ) by the Equation (8):


   η S  =   100   ×    E A     G  T     ×    A m     ( % )   



(7)








    η I  =   100   ×    E A     E  D        ( % )    



(8)






2.3. Power Quality


Power quality is needed to check the physical properties of the systems, such as amplitude, frequency, waveform, current and voltage. The most important standards for Colombia are: Electromagnetic Compatibility (IEC 61000-4-7, 2002), Recommended Practices and Requirements for Harmonic Control in Electrical Power Systems (IEEE 519, 1992), Energy Quality (NTC-5001, 2008)), Nominal Voltage and Frequency of Electric Power Systems in Service Networks (NTC-1340, 1998), Regulatory Commission for Energy and Gas (CREG 070,1998; 096, 2000; 084, 2002; 0024, 2005), and finally, the Technical Regulation on electrical installations (RETIE).





3. Methodology


In the energy quality studies, the proposed methodology follows the basic steps presented by some authors [47] and the Colombian Technical Standard NTC 5001, the measurement period should be one week with a period aggregation of 10 min for the long-term or permanent perturbations, and 10 s for slow and rapid disturbances.



The measurements were recorded at two different points: First, the solar irradiance, wind speed, ambient temperature and panel temperature were recorded as seen in Figure 3. Second, the voltage and current AC/DC were recorded at the point of common coupling (Figure 4).




4. Equipment


The most important instruments for the measurement of variables of interest in the location are described as follows.



	
Turbine Anemometer (model ETAI-30, Erasmus, Ibagué, Colombia). Records the room temperature in the range of −10 °C to 60 °C, resolution of 0.1 °C and accuracy of ±2 °C; Also, the wind speed in the range of 0.40 to 30.0 m/s, with resolution of 0.01 m/s and accuracy of ± (3% + 0.2 m/s).



	
Digital clamp multimeter (Erasmus model EPD-1000). Records the AC/DC voltage and current in the range of 0.01to 1000 A and 0 to 600 V, resolution of 0.01 A and 0.01 V, accuracy of ±5% for both, AC/DC voltage and current.



	
Solar energy meter (Erasmus model ES-2000). Records the solar irradiation in the range of 0 to 1999 W/m2, resolution of 1 W/m2 and accuracy of ±5%.



	
Infrared Pyrometer (model 94920/EM520, All-sun, Ibagué, Colombia). Records the temperature without surface contact in the range of −20 °C to 520 °C, resolution of 0.1 °C and accuracy of ±2%.



	
Power analyzer (model PW 3360-21, HIOKI, Ibagué, Colombia). Effective Range: Voltage: 90 V to 780 V; Peak: ±1.400 V; Current: 5% to 110% of range; Power: 5% to 110% of range; Frequency: 45 Hz to 66 Hz.







5. Results and Discussion


The variables described above were measured to calculate the energy production, the system efficiencies, losses, as well as calculation of evaluation parameters and power quality.



5.1. System Efficiency


Figure 5 shows the maximum energy output of the photovoltaic system in March 2016 with 72.65% (850 kWh) of the total installed capacity (1170 kWh). This percentage is similar to those found by [48,49], which recorded 70%; Moreover, it is very close to the values between 80% and 100% given in other references [50].



The lowest production was obtained in June 2016 with 49.42% (578.21 kWh), due to the high cloudiness and the rainy season. In a 7-month period, 4707.14 kWh was produced with a monthly average of 672.45 kWh. Considering that the average is kept for a year, energy produced will be 8069.4 kWh.



The final energy produced during the period divided by the nominal power of the system is 1034.5 kWh/kWp, a value that is lower than that found in cities and countries like Tiruchirappalli (India), 1600 kWh/kWp; Málaga (Spain), 1339 kWh/kWp; Crete (Greece) 1336.4 kWh/kWp; Calabria (Italy) 1230 kWh/kWp; Israel 1840 kWh/kWh and India 1372 kWh/kWh, and higher than those recorded in countries such as The Netherlands 700 kWh/kWh; Germany 730 kWh/kWp and Switzerland 790 kWh/kWp [33].



The lowest solar irradiation value was registered during February and the highest was in May. In the other hand, ambient temperature ranged from 25.1 °C in June to 35.99 °C in May, showing an upward trend and wind speed ranged from 0.3 m/s to 1.1 m/s. Solar radiation presents a maximum value of 820 W/m2/month at 11:00 and a minimum of 200 W/m2/month at 16:00 h, remaining constant between 11:00 and 14:00 h.



In contrast, the equation that correlates the electrical energy output (EA) with the solar radiation (G) is EA = 3.769G–613.8 with a correlation coefficient of 0.929. Figure 6 shows that the output power (EA) has a linear relationship with solar radiation. The importance of an equation like this is that it makes possible to evaluate the generation of energy using photovoltaic power systems, only by identifying the solar radiation.



The error rate obtained with the equation is, within the experimental uncertainty, higher than the values presented by [29] (5%), and lower than those reported by [32] (15%). The differences could be due to the specific characteristics of each photovoltaic system, the manufacturers and the climatic conditions.



Subsequently, in Figure 7, it is observed that the lowest values of the monthly reference mean (YR), Module (Ym) and final yields (YF) coincide with the rainy season and are 3.0 kWh/kWp/day, 2.8 kWh/kWp/day and 2.6 kWh/kWp/day, respectively, during the months of June and July 2016. The highest reference performance values of 3.9 kWh/kWp/day were recorded in May 2016, the yields of the modules and final were 3.5 kWh/kWp/day and 3.2 kWh/kWp/day for the March 2016, respectively.



Monthly averages were also obtained during the measurement period of YR, Ym and YF of 3.4 kWh/kWp/day, 3.2 kWh/kWp/day and 3.0 kWh/kWp/day, respectively. Due to the energy losses that occur in the DC/AC conversion in the inverter, the differences presented in the YF and Ym values are justified, since the room temperature for Ibagué oscillates between 16 and 29 °C and some authors [51] have observed that for every 12 °C increase in ambient temperature the efficiency of the inverter drops approximately 1%.



The average final yield of the present study was 3.0 kWh/kWp/day, being lower than that found in cities such as Nicosia (Cyprus), where the average final yield was 4.3 kWh/kWp/day, Sawda (Kuwait) with a final yield of 4.5 kWh/kWp/ day [29] and Ceará (Brazil) with a final yield of 4.6 kWh/kWp/day [52]. The difference is that Ibagué has a predominantly dry tropical climate and in the cities of Nicosia, Sawda and Ceará the climate is semi-arid.



The largest losses of the modules (Lm) occurred in May with a value of 0.9 kWh/kWp/day and the lowest in March of 0.3 kWh/kWp/day, Figure 8, values corresponding to 23.08% and 9% of the reference yields of the respective months. The values found are similar to those reported in the literature for cities such as Rajkot (India), where capture losses were 22.27% and 3.79% of the respective reference yields [53]; the number in Singapore was 22.66% and 17.06% [46] and Ceará (Brazil) with 22.5% and 2.3% [52], respectively.



In addition, the losses in the system varied from 0.30 kWh/kWp/day in March to 0.10 kWh/kWp/day in April, corresponding to 9.0% and 3.0% of the respective reference yields. The values found are higher than those reported in cities such as Singapore of 5.55% and 5.06% [46] and Fortaleza (Brazil), with 5.7% and 4.2% [52] and lower than in Mauritania of 26.3% and 3.55% [44], Lesotho with 18.57% and 10.34% [33] and Ireland with 22.23% and 2.89% [54].



On the other hand, the maximum total loss ocurred in May and the minimum in April with values of 1.1 kWh/kWp/day and 0.4 kWh/kWp/day, respectively. These values correspond to 29% and 12% of the respective reference yields. The values differed very little from those reported by [52] of 27.1% and 6%. The average annual loss of the inverter and total losses was 0.5 kWh/kWp/day, 0.20 kWh/kWp/day and 0.7 kWh/kWp/day, respectively. These values are lower than those reported from 0.71 kWh/kWp/day, 0.27 kWh/kWp/day and 1.05 kWh/kWp/day [52].



To continue, in Figure 9, the highest efficiency values of the modules, the system and the inverter were obtained during March and April with values of 21%, 18% and 94%, respectively. The lowest in May and June with values of 15%, 12% and 74%, respectively. The average monthly efficiency of the modules, the system and the investor during the registration period are 17.6%, 14.3% and 82.8%, respectively. The maximum values are found early in the morning and the minimum values at the end of the day.



Besides, the highest efficiency occurred in March with an average value of 21%, and the lowest in May with 15% Figure 10. These results are similar to the 15.9% obtained in the laboratory under controlled conditions, as well as the range of 15–20%, found in the literature [55]. During the first three months of operation the efficiency is high, but from this point it decreases due to the effects of soiling caused by contamination. This coincides with the case of a similar system presented by [56] and also with the time recommended by the manufacturer to do the maintenance in the solar panels.



Lastly, the efficiency of photovoltaic modules is not affected in the irradiation interval between 400 and 1000 W/m2, being consistent with what is expressed in [55]. The average efficiency of the inverter was in the range of 75–94% for the different values of irradiation. These results are comparable with the efficiency reported by the manufacturer of 96.9%; also, they are similar to those found in studies conducted in Europe and the United States with mean values of 88% for Fronius inverters [57].




5.2. Power Quality at the Point of Common Coupling


When comparing the measurements of active power before and after the installation of the photovoltaic solar system, Figure 10 and Figure 11 showed no significant difference, during the academic term there was a maximum consumption of 190 kWh/day and a minimum of 30 kWh/day. During Sunday, a decrease in consumption of 8 kWh/day from 10:00 a.m. to 3:00 p.m., coinciding with the period of operation of the photovoltaic system and the absence of academic activity at the Universidad de Ibagué. Therefore, it is confirmed that the photovoltaic system contributes to the active energy consumption, being visible in periods of low demand. The reactive power consumption increased by 7% in relation to the maximum value recorded and 40% in relation to the minimum obtained.



Regarding the variation of the steady-state voltage, before and after the installation of the photovoltaic system, there is no negative impact on the lines (U1, U2 and U3), according to the guidelines of standards NTC 5001, IEC 038 and EM 50160, there were no overvoltages or undervoltages. Figure 12 and Figure 13 represent the percentage of the recorded voltage values compared to the declared RMS voltage values (120 V).



The maximum percentage obtained was of 102.87% and the minimum of 94.08% with respect to the standard value of 100% proposed by the NTC 5001. The value of the voltage after installing the experimental system is more stable because the inverter only injects energy when it is in synchronism with the network (Figure 6), the value of the voltage registered an increase of 7.88%, 5.87% and 6.27% in the lines U3, U2 and U1, after installing the experimental system. The values found are similar to those reported by [58,59], who found very small increases, that in some cases reached 2%.



The voltage unbalance is maintained within the ranges established by NTC 5001 before and after the connection of the photovoltaic system (Table 3). When installing the experimental system the value of the average voltage is very close to the value of the registered voltage, that is to say, the standard deviation is smaller and the value of the voltage is more stable, this causes the unbalance factor to be improved. However, it registers an increase of 3.5% and 70% with respect to the maximum and minimum values, respectively. These results go along with the suggestions made by some authors [60] that show the possibility of an increase in the voltage unbalance with the installation of photovoltaic systems in low voltage grids.



Short and long term flicker measurements before and after installation of the photovoltaic network is within the range established by NTC 5001 and EM 50160 (Table 4 and Table 5). The maximum and minimum values obtained during short-duration flicker measurements were 0.35 and 0.10 p.u., respectively. The long duration flicker recorded a maximum value of 0.20 p.u. and a minimum of 0.09 p.u. The values obtained from the flicker variation that short and long duration are below those reported in the literature [61], who found a value of 0.38 p.u. in short duration flicker measurements in a photovoltaic system connected to the low voltage network 7.2 kWp. Similar studies performed by [62] recorded long-duration flicker values of 0.36 p.u.



The values of total voltage harmonics (THD) that were recorded before and after the operation of the photovoltaic system are lower than the 5.0% value established by NTC 5001 (Table 6). The maximum value obtained was 3.75% and the minimum of 1.70%. However, in all the lines, it is possible to identify an increase of 7% for line U1, 0.8% in U2 and 3%, in line U3. Increases are produced by leakage currents that increase harmonics and electromagnetic emissions in the existing power structure [62]. When the inverter operates with a relative power greater than 20% and the voltage is sinusoidal, the current injected into the network by the inverter is also sinusoidal with low harmonic content; therefore, a high quality inverter can have harmonics content levels limited to those established by technical standards in the highest possible power range. However, when the relative power is less than 20%, depending on the manufacturer, the inverters can present currents with harmonic distortion levels higher than the values established by the technical standards. The total harmonic distortion tends to increase when the load level of the inverter decreases, regardless of the impedance of the network. Is possible to find situations where the reactive electrical charges at the connection point interfere with the harmonic current. Another reference also found an increase between 0.7% and 2.5% in an 8 kWp system [63].



The total current harmonics (TDDI) recorded and compared to the NTC 5001 are outside the established range (Table 7), with a maximum value of 17.80% and minimum of 0.80%. The values recorded before and after the implementation of the photovoltaic system do not present significant differences for the lines U2 and U3, in line U1, an increase 22% was obtained. This increase is consistent with that reported by some authors [64] and similar to that reported by [63], who found values between 2 and 38% when studying an experimental network of 8 kWp.



The power factor was not affected by the operation of the photovoltaic system (Table 8), and a maximum value of 0.98 and a minimum of 0.85 were obtained, in compliance with the guidelines of NTC 5001. These values are in agreement with [65,66,67] which state that the power factor must be greater than 0.85 if the recording at the output of the photovoltaic system is greater than 10% of the capacity. The power factor of the inverter is a function of the load level and increases proportionally to the relative power, approaching 100% when it is working with the nominal output power. For inverters that operate above 30% of the rated power, the power factor is greater than 90% and for values below 30%, the power factor is lower.



The total active and reactive power were increased by 58% and 42% after the photovoltaic system started operating (Table 9 and Table 10). The registered maximum value of active and reactive power was 33.88 kW and 9.5 kW, respectively. The reduction of the power during the faults on the network is a major problem for DG power plants. The deeper the network failure, the higher the reactive power requirements of the network operators [68]. In extreme cases, 100% of the reactive current is required. However, in gaps produced far from the connection point, both active and reactive power must be injected to feed and support the network simultaneously. Excess production must be eliminated from the system to avoid overvoltage and inverter trip, if the network voltage drops, the inverter injects capacitive reactive current to increase it and if it increases, the inverter injects inductive current to decrease it, these voltage variations of the network change the active and reactive power after the installation of the PV photovoltaic system.



The maximum and minimum temperatures obtained at the common connection point before the photovoltaic system came into operation were 34.3 °C and 31.4 °C, respectively (Figure 14). Once the system came into operation, the maximum and minimum temperatures recorded were 36.9 °C and 33.7 °C, respectively (Table 11). Therefore, the increase at the common point of connection of the temperature is 7.5%. This increase is within the requirements established by the NTC 2050 and the BWG.





6. Conclusions


A study of a photovoltaic system of 7.8 kWp connected to the low voltage electrical grid belonging to the Universidad de Ibagué Colombia, from February to August 2016, determining its performance parameters and the energy quality at the common point of connection, is reported. The total energy produced was 8069.4 kWh and the final energy produced during the period divided by the nominal power of the system is 1034.5 kWh/kWh. The benchmark performance, module performance and final performance values ranged from a minimum to a maximum of 3.0–3.9 kWh/kWp/day; 2.8–3.5 kWh/kWp/day and 2.6–3.2 kWh/kWp/day, respectively. The average annual losses in the module, inverter and total losses were 0.5 kWh/kWp/day, 0.20 kWh/kWp/day and 0.7 kWh/kWp/day. The average monthly efficiency of the modules, the system and the investor during the registration period are 17.6%, 14.3% and 82.8%, respectively. Reactive power consumption increased between 7% and 40%. The voltage unbalance registers an increase of 3.5% and 70% with respect to the maximum and minimum values, respectively. The maximum and minimum value obtained during short and long duration flicker measurements was 0.35 p.u., 0.20 p.u. and 0.10 p.u., 0.09 p.u., respectively. The values of total voltage harmonics (THD) increased by 7% for the U1 line, 0.8% for U2 and 3% for the U3 line, and TDDI current harmonics recorded a 22% increase. The total active and reactive power were increased by 58% and 42% after the photovoltaic system started operating and the temperature at the common point of connection increased by 7%. The results show the importance of this type of study, because the vast majority of low voltage grids in Colombia are old, they are saturated and any disturbance can cause serious damage to the connected electrical devices. It is important to know the impact on the power quality caused by the installation of photovoltaic systems to the low voltage grid, in order to define the requirements of the network, the type of communication between the photovoltaic system and the operator of the low voltage grid, the necessary protection system, among others.
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Figure 1. Annual solar radiation for the different strategic regions of Colombia. 
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Figure 2. Photovoltaic system used. 
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Figure 3. Photovoltaic system on-roof devices. 
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Figure 4. Point of common coupling. 
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Figure 5. Monthly energy production and in-plane irradiation. 
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Figure 6. AC power output of the PV system and solar radiation. 
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Figure 7. Monthly average daily yields. 
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Figure 8. Average daily array capture, system and overall losses. 
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Figure 9. Average array, system and inverter efficiencies. 
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Figure 10. Active Power Consumption. 
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Figure 11. Reactive Power Consumption. 
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Figure 12. Comparison of the variation of the tension in steady state before the installation of the experimental system. 
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Figure 13. Comparison of the variation of the tension in steady state after the installation of the experimental system. 
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Figure 14. Thermographic analysis. 
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Table 1. Technical data IBC PolySol 260 CS.
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	Electrical Data (STC)
	Minimum
	Maximum





	STC Power Pmax (Wp)
	260
	265



	STC Nominal Voltage (V)
	311
	31.4



	STC Nominal Current (A)
	8.37
	8.44



	STC Open Circuit Voltage (V)
	38.1
	38.6



	STC Short Circuit Current (A)
	8.98
	9.03



	Module Efficiency (%)
	15.9
	16.2



	Power Tolerance (Wp)
	−0/+5
	−0/+5
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Table 2. Fronius Primo 7.6-1 technical data.
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Input Data




	
Number of MPPT

	
2.0




	
Recommended PV Power (kWp)

	
6.1–11.7 kWp




	
Max. usable input current

	
18.0/18.0 A




	
Max. usable input current total

	
36.0 A




	
Max. array short circuit current

	
27/27 A




	
Nominal input voltage

	
420.0 V




	
Operating voltage range

	
80–1000 V




	
Output Data




	
Max. output power 240 V

	
7600 VA




	
Max. output power 208 V

	
7600 VA




	
Output configuration

	
1 NPE 208/204 V




	
Frequency range

	
45–66 Hz




	
Nominal operating frequency

	
60.0 Hz




	
Total harmonic distortion

	
<5%




	
Power factor range

	
0.85–1 ind./cap.




	
Max. Efficiency

	
96.9%
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Table 3. Comparison of voltage unbalance.
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Variable

	
Before

	
After

	
Standard




	
Maximum

	
Minimum

	
Maximum

	
Minimum

	
Maximum

	
Minimum






	
Voltage unbalance

	
1.72%

	
1.10%

	
1.66

	
0.33

	
2.00%

	
2.00%
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Table 4. Comparison of short duration flicker (PST).
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Line

	
Before

	
After

	
Standard




	
Maximum

	
Minimum

	
Maximum

	
Minimum

	
Maximum

	
Minimum






	
U1

	
0.30 p.u.

	
0.10 p.u.

	
0.30 p.u.

	
0.10 p.u.

	
1.00 p.u.

	
1.00 p.u.




	
U2

	
0.32 p.u.

	
0.10 p.u.

	
0.35 p.u.

	
0.15 p.u.

	
1.00 p.u.

	
1.00 p.u.




	
U3

	
0.27 p.u.

	
0.10 p.u.

	
0.25 p.u.

	
0.10 p.u.

	
1.00 p.u.

	
1.00 p.u.
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Table 5. Comparison of long duration flicker (PLT).
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Line

	
Before

	
After

	
Standard




	
Maximum

	
Minimum

	
Maximum

	
Minimum

	
Maximum

	
Minimum






	
U1

	
0.19 p.u.

	
0.09 p.u.

	
0.19 p.u.

	
0.09 p.u.

	
0.65 p.u.

	
0.65 p.u.




	
U2

	
0.19 p.u.

	
0.10 p.u.

	
0.20 p.u.

	
0.10 p.u.

	
0.65 p.u.

	
0.65 p.u.




	
U3

	
0.20 p.u.

	
0.10 p.u.

	
0.20 p.u.

	
0.09 p.u.

	
0.65 p.u.

	
0.65 p.u.
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Table 6. Comparison of Total Voltage Harmonic Distortion (THD).
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Line

	
Before

	
After

	
Standard




	
Maximum

	
Minimum

	
Maximum

	
Minimum

	
Maximum

	
Minimum






	
U1

	
3.18%

	
2.21%

	
3.40%

	
1.70%

	
5.00%

	
5.00%




	
U2

	
3.72%

	
2.13%

	
3.75%

	
1.80%

	
5.00%

	
5.00%




	
U3

	
3.42%

	
2.40%

	
3.52%

	
1.80%

	
5.00%

	
5.00%
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Table 7. Comparison of Total Harmonic Distortion (TDDI).
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Line

	
Before

	
After

	
Standard




	
Maximum

	
Minimum

	
Maximum

	
Minimum

	
Maximum

	
Minimum






	
U1

	
9.00

	
0.80

	
11.00

	
0.80

	
5.00

	
5.00




	
U2

	
17.00

	
3.00

	
17.80

	
2.50

	
5.00

	
5.00




	
U3

	
16.80

	
3.00

	
16.50

	
2.00

	
5.00

	
5.00
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Table 8. Comparison of power factor values.
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Variable

	
Before

	
After

	
Standard




	
Maximum

	
Minimum

	
Maximum

	
Minimum

	
Maximum

	
Minimum






	
Power Factor

	
0.98

	
0.85

	
0.98

	
0.90

	
1.00

	
0.90











[image: Table] 





Table 9. Total active power values kW.
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Variable

	
Before

	
After

	
Standard




	
Maximum

	
Minimum

	
Maximum

	
Minimum

	
Maximum

	
Minimum






	
Total Active Power

	
21.50

	
4.00

	
33.88

	
3.00

	
N.A

	
N.A
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Table 10. Total reactive power values kW.






Table 10. Total reactive power values kW.





	
Variable

	
Before

	
After

	
Standard




	
Maximum

	
Minimum

	
Maximum

	
Minimum

	
Maximum

	
Minimum






	
Total Reactive Power

	
5.50

	
1.50

	
9.50

	
1.50

	
N.A

	
N.A
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Table 11. Results of the thermographic analysis before and after the operation of the photovoltaic system.
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	Measurement
	Before
	After
	NTC 2050





	Sp1
	34.3 °C
	35.1 °C
	70 °C



	Sp2
	34.2 °C
	33.7 °C
	70 °C



	Sp3
	32.4 °C
	36.9 °C
	70 °C



	Sp4
	31.4 °C
	35.0 °C
	70 °C



	Emissivity
	0.8
	0.8
	-



	Reflection Temperature
	28 °C
	28 °C
	-











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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