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Abstract

:

This research centers on the implementation of photovoltaic systems in residential applications, coupled with battery-based energy storage, and evaluates their efficiency in generating energy, specifically for lighting in buildings. The methodology hinges on detecting interharmonic signals to characterize potentially disruptive frequencies and identify the origins of various failures. Multiple case studies are presented to validate the method’s efficacy, including one involving fluorescent lamp circuits and another examining variations in solar radiation during the summer season. Real-world experiments are conducted in a residential setting, and the results are thoroughly analyzed. Various types of interharmonic generation behaviors are demonstrated, which are influenced by fluctuations in solar radiation and the appropriate installation of solar panels. The findings reveal that the absence of solar radiation below 300 W/m2 in a photovoltaic system relying on energy storage adversely affects interharmonics in luminaires installed within a residential space.
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1. Introduction


At present, global population growth has surged disproportionately, leading to heightened demands for resources across various facets of our planet [1]. In response to the interplay of population growth and environmental concerns, the United Nations has outlined 17 Sustainable Development Goals (SDGs) within the 2030 Agenda, aimed at addressing both environmental and population-related challenges. This study focuses on the seventh SDG, which emphasizes the promotion of clean energy sources, their productivity, and quality [2]. Specifically, it advocates for ‘Expanding infrastructure and upgrading technology for clean energy in all developing countries’, recognizing the pivotal role it plays in fostering growth while also benefiting the environment. The utilization of solar energy aligns with the concept of zero-energy buildings and holds significant potential for mitigating climate change. Zero-energy buildings are a pivotal component of future city decarbonization efforts [3,4]. Moreover, the deployment of residential solar systems has demonstrated economic viability, particularly for microenterprises and low-income households engaged in various income-generating activities, extending beyond just lighting purposes [5].



Photovoltaic technology has made a significant global impact, particularly in large buildings, where it has enhanced indoor natural lighting efficiency, boosted performance in outdoor lighting system designs, and heightened overall security [6]. Many governments worldwide have adopted sustainable city goals as a response to issues such as overpopulation, pollution, and global warming [7]. In tropical regions, innovative technology applications demonstrate how suburban buildings can benefit from attached greenhouses, which help regulate indoor temperatures and generate energy for household consumption [8]. Multi-family residential buildings that incorporate solar systems yield greater amounts of both electrical and thermal energy compared to conventional systems within the same multifamily building installation, playing a crucial role in the decarbonization effort [9].



The economic viability of harnessing solar energy for various residential applications is evident, considering both the technical aspects of solar panel installation and their financial advantages. This encompasses panel orientation and optimal angles based on the architectural characteristics of the residence [10]. Additionally, photovoltaic semitransparent panels can be employed as building facades to efficiently control indoor climate, as roof-installed panels alone may not suffice to reduce indoor temperatures or supply a significant portion of the energy consumed by building occupants [11]. However, it is important to note that the temperature differential depends on factors such as time of day and season, influenced by both external and internal conditions [12]. Therefore, it is crucial to consider the environmental factors related to solar radiation and local climate, emphasizing the promotion of energy-efficient buildings and residences with a focus on achieving zero-energy status. It is worth noting that, due to anticipated changes in climate conditions in the coming years, solar radiation is expected to increase by 4.7% [13].



In light of this context, concurrent Architectural Photovoltaic Applications (APA) should be integrated into the design concept and process, resulting in substantial integration [14]. During the winter months, solar radiation may not be sufficient for energy conversion in a photovoltaic system designed for residential use. Consequently, under such conditions, the solar energy supply during the day may meet energy demands for this time of year with appropriate system installation considerations [15]. Designing photovoltaic systems integrated into buildings involves the use of relevant renewable energy sources while also considering energy-efficient arrangements [16]. Assuming these conditions, it has been observed that solar irradiance influences facades with photovoltaic systems, with diffuse solar radiation contributing significantly to the overall solar radiation. These factors notably impact the energy performance indicators of residential buildings [17]. Even in residences where an isolated photovoltaic system is proposed, relying on battery storage, variations in predicted solar radiation and battery degradation are dependent on the total energy consumption of appliances, revealing a correlation between solar radiation and the capabilities of the photovoltaic battery system [18]. Similarly, in multi-generational energy systems based on solar energy for residential houses, there is a linear increase in energy production with the improvement of panel efficiency and solar irradiation [19].



Recent years have witnessed the study of the interharmonic phenomenon due to the expansion of the electric grid and the integration of complex nonlinear loads such as fluorescent lamps and frequency converters for both home and industrial use [20]. The impact of harmonics on the grid and electrical and electronic equipment necessitates examination to mitigate significant issues, including high-cost repairs, reductions in useful lifetime, equipment overheating, acoustic disturbances, and mechanical system oscillations. Globally, the cost of replacing or repairing damaged technology continues to rise each year, exacerbated by the growing issue of electronic waste, which is closely tied to global warming [21,22].



Photovoltaic technology and interharmonics are closely intertwined due to the use of converters and maximum power point tracking (MPPT) controllers, as well as environmental conditions, particularly solar irradiance. Interharmonics introduce non-multiple-frequency distortions in current or voltage, thereby limiting power quality (PQ) and affecting electrical grids [23,24]. Recent studies have examined the impact of interharmonics, with a focus on their association with electric loads operating under non-steady-state conditions, non-linear loads, double AC/DC/AC and DC/AC energy conversion systems, and photovoltaic systems as renewable energy sources [25,26,27,28]. The Flicker effect, another adverse influence on electrical grids, is perceptible as visible fluctuations in the intensity of light from fluorescent and LED lamps, caused by transient voltage changes, and is related to harmonics and interharmonics [20,29,30]. Furthermore, interharmonics can affect the lifespan of critical components for reliability, such as power converters and batteries, thus necessitating their consideration in economic assessments [31].



Considering the generation of interharmonics in photovoltaic systems geared towards energy efficiency and their strong dependence on environmental factors, as well as their economic benefits in isolated networks with domestic energy storage, which prove more cost-effective [32] and contribute to reduced CO2 emissions, it becomes evident that assessing their impact on power quality and issues related to harmonic and interharmonic generation in photovoltaic systems, especially those affecting luminaires in residential spaces, is of paramount importance. The evaluation of the reliability of energy conversion units (representing the most critical components for system reliability) [33,34], including the performance and lifespan of devices involved in the photovoltaic system due to solar radiation and ambient temperature under different configurations, becomes crucial. Variations that alter the tilt and orientation of photovoltaic panels impact the system’s lifespan and depend on its location [24,35,36].



The primary focus of this study underscores the presence and significance of interharmonic generation in an isolated photovoltaic system, primarily designed for fluorescent lighting installation in a residential setting under varying solar irradiance conditions. Beyond its implications for energy system efficiency, it can even affect certain interconnected electronic and domestic equipment within the photovoltaic system. We present evidence of non-linear loads such as fluorescent lamps, where the most detrimental and pronounced effects occur during the switching of ON/OFF under different solar irradiance conditions, affecting the system, especially under partial solar irradiance. Electrical measurements of current and voltage in the luminaires are analyzed using time-frequency analysis with spectrograms. A second experiment is conducted, introducing changes in sunlight intensity by partially shading the photovoltaic panels to prevent direct sunlight from reaching the silicon surface, where transients produce interharmonic patterns. The experiments were conducted on a real platform equipped with photovoltaic panels connected in series, an MPPT charge controller, a DC/AC converter, and fluorescent lamps. Load levels and voltage were calculated to meet the lighting needs of a standard household accommodating a family of four.




2. Materials and Methods


To understand the performance of the PV system, analyses that include solar radiation as part of PV power generation specifications must be performed.



2.1. Modeling of the Sun Position


The determination of an observer at a specific point on Earth and the position of the sun are obtained by two main angles: the altitude angle  α  (°) and the azimuth angle    θ s    (°). The altitude angle, or solar zenith angle, corresponds to the angular height of the sun in the sky measured from the horizontal [37]:


  sin α = sin L sin δ + cos L cos δ cos ω  



(1)




where  L  is the latitude of the location,  δ  is the angle of declination, and  ω  is the hour angle. Therefore, the azimuth angle refers to the angular displacement of the sun’s reference line from the source axis. Figure 1 illustrates the positioning of the solar panel, facing south, along with its inclination angle β (°). This configuration considers the sun’s path as the reference, as well as the relevant angles, including the altitude and azimuth angles. The azimuth angle is given by [38]:


  sin θ =   cos δ sin ω   cos α    



(2)








2.2. Modeling of Extraterrestrial Solar Radiation


The spectral distribution of the radiation emitted from the surface of the sun in relation to the prediction of Planck’s theorem [39] is equal to 1367 W/m2 of solar radiation outside the earth’s atmosphere, called the solar constant    G  s c    . The direct radiation of the plane normal to the solar rays can be estimated by:


   I  b r   =  G  s c    P M   



(3)






  M =  1  sin α    



(4)




where  P  is the atmospheric transparency factor and  M  is the air mass and is calculated from the relationship with the altitude angle [40]. This value has certain variations; for this reason, the value of the distance between the sun and the earth is considered extraterrestrial radiation    G  e x    .


   G  e x   =  G  s c          R  a v    R     2   



(5)




where    R  av     is the mean distance between the Sun and the Earth and  R  the instantaneous distance between the Sun and the Earth; this value depends on the day of the year or day number ( N ). An approximation is given by:


       R  a v    R    = 1 + 0.034     2 π N   365      



(6)







Considering extraterrestrial solar radiation, the unit of time incident to the right on the square meter of a surface results in:


   G  e x   =  G  s c     1 + 0.034 cos     2 π N   365        



(7)







However, when direct radiation is considered in a horizontal plane with a tilted plane, it can be calculated considering Equation (3) [40]:


   I  b H   =  I  b r   sin α  



(8)






   I  b β   =  I  b r   ( sin α cos β + cos α cos  θ s  sin β )  



(9)







If the surface is not normal to the Sun, the solar radiation falling on it will be reduced by the cosine of the angle between the surface normal and a central sun ray. Figure 2 depicts the direct solar irradiance on a surface (   I o   ), considering the angle between the surface’s normal vector and a central solar ray (zenith angle)    θ z   . It becomes evident that when the surface area A surpasses its projected area (represented as hypothetical surface B), this results in a diminished solar energy flux per unit area on surface A in comparison to surface B.



Consequently, the extraterrestrial solar radiation on a horizontal surface located at a specific location    G  e x H    .


   G  e x H   =  G  e x   cos φ  



(10)




where  φ  is the solar zenith angle, which is measured from directly overhead to the geometric center of the Sun’s disc. The solar zenith angle value is equal to the altitude value.


   G  e x H   =  G  s c     1 + 0.034 cos     360 N   365       sin L sin δ + cos L cos δ cos ω  



(11)







Thus, the total extraterrestrial solar energy    E  e x     in W/m2 units is given by:


   E  e x   =   ∫    T  s r      T  s s      G  e x H   d t  



(12)







The extraterrestrial solar radiation on a tilted surface for a day (   E s   ) can be calculated [39]:


   E s  =   24.36   2 π     ∫    ω s     ω r     G  s c     1 + 0.034 cos     360 N   365       cos θ d ω  



(13)






  cos θ = sin δ sin L cos − sin δ cos L sin β cos  θ s                             + cos δ cos L cos β cos ω + cos δ sin L sin β cos  θ s  cos ω  + cos δ sin β sin  θ s  sin ω  



(14)




where    ω r    and    ω s    represents the hour of sunrise and the hour of sunset.




2.3. Extraterrestrial Solar Radiation Profile in a Residential House with an Isolated Photovoltaic System


The localization and design of the residential photovoltaic system (PV) were conducted using OpenSolar software version 2.14.01. Within the designated area, monocrystalline solar panels were selected over polycrystalline ones owing to their demonstrated increase in efficiency concerning solar radiation energy levels [41]. Figure 3 depicts the residential location along with the placement of the solar panel array, which is oriented towards the south.



In consideration of the residential house’s geographical coordinates, latitude 19.6977 and longitude −103.4528, we determined the altitude and azimuth angles, which measured 70.9562° and 75.8529°, respectively. Utilizing the equations outlined in Section 2.2 for analyzing extraterrestrial solar radiation, we computed the received solar radiation during the summer season. The anticipated optimal extraterrestrial solar radiation profile attains an approximate value of 1300 W/m2 at solar noon. Figure 4 provides a visual representation of the solar radiation patterns observed on the surface of the implemented system.




2.4. PV Power Analysis and Installation


The isolated photovoltaic system is interconnected to a maximum power point tracking (MPPT) controller, a frequency converter (DC/AC 60 Hz), a storage battery, and fluorescence lamps as a load. The conversion of solar irradiance into solar energy occurs through the photovoltaic (PV) array. The resultant solar energy is employed for appliance operation or stored within the battery. In instances where there is insufficient solar energy available, the battery provides the necessary energy to operate the appliances. Figure 5 shows the complete scheme of the installation of the PV system and its application of luminaires.



The photovoltaic panels are standard general-purpose technology, and according to the technical specification located on the panel’s back side, they have the following parameters in Table 1.



The type of battery used for the installation is a standard lead-acid car battery model BCI EN-34/78-750, due to its low cost, high performance, and easily replaceable materials. This type of device is recommended for laboratory design to develop open-source designs for research purposes. Additionally, these materials adhere to current recycling protocols as they can be reused. Table 2 shows the most important characteristics of this type of battery.



The second stage is a low-capacity general-purpose MPPT controller, and according to the manufacturing trademark, the parameters are as follows in Table 3:



The third stage is the DC/AC conversion to 60 Hz, 120 alternating current voltage (VAC), resulting in a sinusoidal signal with a 1000 W maximum. The cell-generated energy is stored on an acid-plumb battery, and the MPPT connects the output converter to a series of fluorescence lamps with a minor to 1000 watts between 1 and 2 Amp consumption. Figure 6 shows the photovoltaic cells with 2 serial modules, the controller-converter-storage stage and data acquisition system, and voltage and current AC sensors. The generation of PV energy is influenced by panel efficiency, received solar radiation, and other factors. The energy at the system output is calculated using the following equations:


   P  m a x     t , m   = F F ·  V  o c     t , m   ·  I  s c     t , m   · N  



(15)




where    P  m a x     is the maximum PV system power output,  t  represents the time (hours),  m  is the month of the year,   F F   is the fill factor, and  N  is the number of PV modules forming the PV system.


  F F =    V  m p   ·  I  m p      V  o c   ·  I  s c      



(16)




where    V  m p     is the PV module voltage at the maximum power point (VDC) and    I  m p     is the current of the PV module at the maximum power point (Amp).




2.5. Signal Acquisition and Processing


The acquisition of electrical signals from the inverter output was performed using alternating current sensors, which were interconnected with arrays of fluorescent lamps located in various positions within the residential house. ZMPT101B voltage sensors were used to measure the RMS AC voltage generated, and SCT-013-100 sensors were used to measure the RMS AC current. A NI-DAQ-6009 data acquisition card was used in conjunction with LabVIEW 2021 software, with a sampling rate of 10.504 kHz. The computational program was set up with the necessary calculations to estimate the inverter output energy. Antialiasing filters were also employed to obtain accurate measurements. Figure 7 demonstrates the required conditioning circuit for the current sensor and the measurement reading using the DAQ with A/D conversion.



The processing of electrical signals involves transforming the signals from the time domain to the frequency domain. The algorithm was executed after obtaining the AC and voltage electrical signals using MatlabTM 2019 software. The Wavelet Synchrosqueezed Transform (SSWT) was applied due to its superior characteristics in analyzing electrical signals in power grids and achieving visualization of harmonic/interharmonic frequencies with spectrograms. The use of this method can be found in studies related to interharmonic analysis [27]. Figure 8 summarizes the electrical signal processing stage.





3. Case Studies and Results


This study was conducted in a residential setting housing a family of four, with fluorescent luminaires installed as linear loads in various living spaces within the residence. The selected season for examination was summer in the northern hemisphere, during which the maximum solar irradiance was calculated to reach 1300 W/m2. The average temperature ranged from 29 to 34 degrees Celsius (°C). The experiments were carried out on the same day, with measurements of electrical signals taken at 5 min intervals and fractions of seconds (0.2 s) for subsequent time-frequency analysis using spectrograms. The experimental conditions encompassed the following scenarios:




	
Optimal conditions: Temperature and solar radiation levels were at their peak at noon.



	
Partial conditions: Temperature and solar radiation levels decreased after dawn.



	
Nearly zero conditions: Temperature and solar radiation levels were minimal near sunset.



	
Absence of conditions: There was no temperature or solar radiation during the nighttime.








3.1. Case 1: Optimal Conditions of Temperature and Solar Radiation


In the first case, we conducted an analysis of the energy efficiency of luminaires installed in a family residence under Standard Test Conditions (STC) for the solar panels. The solar irradiance was calculated at the point of maximum power and recorded at levels ranging from 1150 to 1279 W/m2. These measurements were taken during a specific period, precisely at midday when solar energy and natural light were at their peak, with an average temperature of 32 °C. The MPPT solar controller was configured for standard operation, and we found that the harmonic generation performance at the output of the sinusoidal DC/AC inverter exhibited no significant voltage fluctuations or distortions.



Figure 9 provides an illustration of the generation of fundamental harmonics and odd harmonics, all with values below 8 VAC. Despite the presence of interharmonic harmonic oscillations in the current, the operation of the interconnected luminaires located in various areas of the building remained optimal. There were no visible or perceivable changes in the luminous intensity of the luminaires.



Further analysis through spectrograms revealed that the most significant interharmonics appeared at frequencies of 95.85 Hz, 225 Hz, and 313.6 Hz. It is important to note that these values did not have a significant short-term impact on the luminaires’ performance. However, it is essential to consider the medium- and long-term implications, especially when luminaires with energy storage capabilities are in use. In such cases, the photovoltaic installation devices could experience overheating, potentially leading to decreased performance of the residence’s luminaires. This is especially critical when the solar controller requires continuous operation throughout the day, considering various scenarios with varying levels of solar irradiance and temperature.




3.2. Case 2: Partial Conditions of Temperature and Solar Radiation


In the second scenario, we assessed the performance of half of the photovoltaic system operating at only half of its designed efficiency. This configuration was achieved by shading 50% of the cells in the solar panel array, resulting in reduced solar radiance levels falling below 800 W/m2. Despite experiencing relatively high temperatures, averaging around 34 °C during the summer season, we observed a significant interharmonic generation effect when the panels were not optimally positioned.



Under these conditions of partial sunlight exposure on the cells in the panels, noteworthy interharmonics emerged around the current harmonics, as evident in the spectrogram displayed in Figure 10a, with peaks at 179.3 Hz, 183.3 Hz, and 191.7 Hz. Additionally, a third harmonic of voltage was observed, as depicted in the spectrogram of Figure 10b.



This observation bears significance for luminaires, as it indicates a heightened consumption of stored energy during the day, ultimately leading to decreased performance with a reduced energy reserve available for nighttime use. Furthermore, if additional fluorescent lamp sequences were to be implemented in various areas of the residence, the overall energy consumption would increase, potentially necessitating restrictions on their usage.




3.3. Case 3: Almost Zero Conditions of Temperature and Solar Radiation


In the third case, we examined a scenario characterized by an almost complete underutilization of sunlight, with a notable 70% absence of solar radiation (250 W/m2) and a decreasing temperature that dropped to below 22 °C. During the operation of the photovoltaic system, we observed evident oscillations and fluctuations in the electrical signals of the luminaires, leading to variations in their luminous intensity. The root cause of these fluctuations lies in the interharmonics generated within the waveforms.



Given that this is a 120 VAC/60 Hz system, we noted voltage variations of up to 200 VAC during system startup. These variations are not only detrimental but also pose a potential hazard, affecting not only the interconnected lighting system within the living spaces but also the overall performance and functionality of the photovoltaic system when it is active. This impact is particularly pronounced on the solar controller and the voltage inverter, both of which comprise multiple electronic components.



Figure 11 visually illustrates the current distortions and voltage fluctuations, revealing clusters of harmful interharmonics, notably in proximity to the first and third harmonics, situated at 122.6 Hz and 175.3 Hz, respectively. These interharmonics exhibited significant magnitudes, ranging between 6 and 10 volts. Under these varying voltage conditions, the luminaires experienced flickering, leading to a negative phenomenon known as the Flicker effect [29,30]. This effect is caused by the generation of interharmonics and substantial voltage fluctuations over time. Furthermore, the generated current contained interharmonics with magnitudes ranging from 0.01 to 0.04 amperes, which had a discernible impact on the optimization of the MPPT solar controller [25,28].




3.4. Case 4: Absence of Temperature and Solar Radiation


In the absence of sunlight and irradiance, particularly during the night, power generation relies solely on the voltage stored in the battery, derived from the solar panels. In the corresponding spectrograms presented in Figure 12a,b, a similar pattern of behavior was demonstrated when the photovoltaic (PV) system generated power during the daytime under optimal environmental conditions. During this nighttime operation, there were negligible current interharmonics observed at frequencies of 149.9 Hz, 183.3 Hz, and 293.3 Hz.



This process is intrinsically tied to the energy generated by the solar panels during daylight hours, which is then stored for later use. However, it is essential to note that if the protective measures or adjustments to account for solar radiation, particularly in standard test conditions (STC) or NOTC (Night Operation Test Conditions) operations of the PV system, are not properly installed, taking into consideration the azimuth angle, the effective utilization of sunlight during the day can be compromised.



Table 4 provides a comprehensive summary of the examined cases, including the outcomes obtained, the environmental conditions surrounding the solar system (comprising calculated irradiance levels), and the noteworthy interharmonic current generation observed within the living spaces.



It is crucial to emphasize that the impact of solar radiation received, which is contingent on the position and location of the photovoltaic system, has a direct influence on energy efficiency. This influence is attributed to the presence of harmonic and interharmonic components, which not only affect the performance of the luminaires but also have ramifications for the overall efficiency of the photovoltaic inverter and the MPPT solar controller.





4. Discussion


This research delves into the utilization of solar energy in isolated energy storage systems, with a particular focus on lighting applications within residential spaces, providing a comprehensive insight into a critical facet of zero-energy buildings. The phenomenon of interharmonic generation in such isolated photovoltaic systems warrants thorough consideration due to its intricate interplay with solar panel performance and the effective harnessing of daylight [19]. The results obtained in this research shed light on the influence of environmental conditions and solar radiation on the performance of luminaires installed in a residential setting. The experiments were conducted in different scenarios simulating everyday situations, and the findings reveal valuable information about the energy efficiency and behavior of photovoltaic systems interconnected with luminaires.



Solar irradiance at the maximum power point remained at elevated levels, and no significant fluctuations were detected in the generation of harmonics at the output of the sinusoidal DC/AC inverter. While interharmonics were identified in the currents, they did not have a visible impact on the luminous intensity of the luminaires.



However, it is important to highlight the presence of significant interharmonics at specific frequencies, such as 95.85 Hz, 225 Hz, and 313.6 Hz. Notably, as solar energy utilization percentages decrease, the propensity for heightened interharmonic generation becomes more pronounced, especially under conditions of reduced irradiance and temperature [23,24,25,28]. Although an immediate impact on luminaire performance was not observed, it is essential to consider the medium- and long-term implications, especially when luminaires with energy storage capacity are utilized. In such cases, photovoltaic installation devices could risk overheating, potentially leading to reduced performance of the residence’s luminaires.



The presence of high levels of harmonics and interharmonics has several consequences for luminaries and the residential photovoltaic system, especially incandescent lamps with fast variations in AC voltage. In the context of advancing zero-energy building paradigms, the implementation of adaptive control strategies within MPPT controllers assumes significant utility [25,28]. Such strategies prove invaluable in responding to variations in irradiance, which have the potential to influence the performance of DC energy generation by solar panels. These adaptive control mechanisms contribute to the fine-tuning of energy production processes and help maintain stability in energy output [34,35,36].



In the second scenario, when evaluating the performance of the photovoltaic system under partial conditions, significant interharmonics related to the partial exposure of solar cells to sunlight were observed. These interharmonics affected the consumption of stored energy during the day, which could result in reduced performance during the night. Furthermore, if additional sequences of fluorescent lamps were added in different areas of the residence, the total energy consumption would increase, potentially necessitating usage restrictions.



In the third scenario, characterized by a nearly complete lack of solar utilization, clear oscillations and fluctuations were observed in the electrical signals of the luminaires. These fluctuations had a significant negative impact on the photovoltaic system and the MPPT solar controller. The interharmonics generated during this operation also contributed to the flickering effect of the luminaires.



It is important to note that, during nighttime operation, energy generation relies solely on the voltage stored in the battery, derived from the solar panels. This underscores the importance of implementing appropriate protective measures and adjustments to ensure the effective utilization of solar energy during the day. The orientation, panel positioning, and solar radiation have a significant impact on the lighting appliances in residential houses and energy production. Therefore, it is important to consider external factors that can influence energy efficiency, such as climate conditions [35].



In summary, the results of this research underscore the relevance of environmental conditions and solar radiation to the energy efficiency of photovoltaic systems interconnected with luminaires. The presence of harmonics and interharmonics affects both luminaire performance and the overall efficiency of the photovoltaic inverter and MPPT solar controller [22,25]. These findings have significant implications for the design and management of photovoltaic systems in residential environments and could be valuable for optimizing the performance and reliability of such systems under various climatic and solar radiation conditions.




5. Conclusions


The utilization of solar energy in zero-energy buildings, particularly in residential spaces equipped with lighting fixtures and appliances, must be approached with care and precision [3,15]. Our research has highlighted the critical relationship between environmental conditions, specifically solar radiation received in photovoltaic-based energy storage systems, and its potential impact on building luminous intensity due to electrical disturbances caused by harmonics and interharmonics [24,31,33]. Notably, extraterrestrial solar radiation below 300 W/m2 has adverse effects on luminaires, especially when the lighting system is in operation, resulting in detrimental levels of current and voltage interharmonics, unlike the optimal operating conditions during daylight hours.



In alignment with SDG-7 and its focus on clean energy infrastructure, carbon dioxide emissions reduction, and the enhancement of residential applications within building design, it is evident that these objectives are intricately linked to the energy efficiency of photovoltaic systems, the interconnection of electronic equipment, and the effectiveness of devices such as controllers and batteries [20].



Architectural photovoltaic applications (APAs) should prioritize the seamless integration of photovoltaics into design and installation conditions to ensure efficient energy utilization when sunlight is available for most of the day. Our research has demonstrated that different solar radiation conditions, as well as total or partial shading of solar modules, lead to increased generation of unwanted interharmonic contents, subsequently affecting the performance of installed luminaires. Additionally, these variations are dependent on factors such as the positioning of the photovoltaic system, its azimuth angle, and its altitude [35].



While our experiments were limited to a single residential space, it is clear that future research endeavors should focus on luminaire applications in residential settings under the influence of diverse radiation conditions and location-specific effects within photovoltaic systems, whether they are based on energy storage or isolated from the electrical network. Expanding our understanding of these complex interactions will be essential for advancing the design and implementation of solar-powered lighting systems in energy-efficient buildings.
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Figure 1. Sun’s altitude and azimuth angles. 
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Figure 2. Extraterrestrial solar radiation on a horizontal surface. 
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Figure 3. Location of the photovoltaic system (in the red box) for the house. 
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Figure 4. Daily extraterrestrial solar radiation for the houses with isolated photovoltaic systems. 
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Figure 5. Residential off-grid energy system. 
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Figure 6. Photovoltaic system mounted in a residential house. 
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Figure 7. Signal conditioning circuit and AC current sensor. 
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Figure 8. Electrical signal processing stage. 






Figure 8. Electrical signal processing stage.



[image: Buildings 13 02655 g008]







[image: Buildings 13 02655 g009] 





Figure 9. Output voltage and current signals in the DC/AC converter inverter of the photovoltaic system in optimal radiance conditions. (a) Electrical nominal current signal from luminaries; (b) Spectrogram of nominal current with harmonic and interharmonic content; (c) Electrical nominal voltage signal from output inverter; (d) Spectrogram of nominal voltage with harmonic content. 
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Figure 10. Spectrogram of output voltage and current signals in the DC/AC converter inverter of the photovoltaic system under partial radiance conditions. (a) Spectrogram of nominal current with significant interharmonic content. (b) Spectrogram of nominal voltage with odd harmonics. 
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Figure 11. Spectrogram of output voltage and current signals in the DC/AC converter inverter of the photovoltaic system under almost zero radiance conditions. (a) Electrical nominal voltage signal from luminaries with fluctuations; (b) Spectrogram of nominal voltage with dangerous harmonic and interharmonic content; (c) Electrical nominal current signal from luminaries; (d) Spectrogram of nominal voltage with interharmonic content. 
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Figure 12. Spectrogram of output voltage and current signals in the DC/AC converter inverter of the photovoltaic system under the absence of radiance conditions. (a) Spectrogram of nominal current with odd harmonics and interharmonic content. (b) Spectrogram of nominal voltage with odd harmonics. 
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Table 1. PV array specifications.
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	Parameter
	Value





	Maximum nominal power (Pmax)
	314 W



	Open circuit voltage (Voc)
	47.16 VDC



	Maximum voltage of power (Vmp)
	39.41 VDC



	Short circuit current (Isc)
	8.41 Amp



	Maximum current of power (Imp)
	7.97 Amp



	Nominal Operative Temperature Cell (NOTC)
	Irradiance 800 W/m2, Environmental temperature 20 °C, Wind Velocity 1 m/s










 





Table 2. Battery specifications.
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	Parameter
	Value





	Voltage
	12 VDC



	Starting capacity (AC)
	937 Amp



	Cold Cranking Capacity (CCA)
	750 Amp



	BCI
	34/78



	Wet Weight (kg)
	18.371 kg










 





Table 3. MPPT controller parameters.
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Parameter

	
Value






	
Nominal system voltage

	
12/24 VDC auto




	
Nominal charge current

	
30 Amp




	
Nominal discharge current

	
30 Amp




	
Battery voltage range

	
8–32 VDC




	
Open circuit maximum voltage cell

	
100 VDC




	
MPPT range voltage

	
2–72 VDC




	
Maximum voltage of power on the cell

	
390 W/12 VDC




	
780 W/24 VDC











 





Table 4. Summary results of different case studies of environmental conditions for interharmonic generation.
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	Case

Studies
	Storge Energy on Battery (Volt/Amp)
	The Most Significant

Interharmonic (Hz/Amp)
	Extraterrestrial Solar Radiation

(W/m2)




