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Abstract

:

The increasing use of nonlinear loads in the power grid introduces some unwanted effects, such as harmonic and interharmonic contamination. Since the existence of spectral contamination causes waveform distortion that may be harmful to the loads that are connected to the grid, it is important to identify the frequency components that are related to specific loads in order to determine how relevant their contribution is to the waveform distortion levels. Due to the diversity of frequency components that are merged in an electrical signal, it is a challenging task to discriminate the relevant frequencies from those that are not. Therefore, it is necessary to develop techniques that allow performing this selection in an efficient way. This paper proposes the use of spectral kurtosis for the identification of stationary frequency components in electrical signals along the day in a sustainable building. Then, the behavior of the identified frequencies is analyzed to determine which of the loads connected to the grid are introducing them. Experimentation is performed in a sustainable building where, besides the loads associated with the normal operation of the building, there are several power electronics equipment that is used for the electric generation process from renewable sources. Results prove that using the proposed methodology it is possible to detect the behavior of specific loads, such as office equipment and air conditioning.
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1. Introduction


In a world that needs to evolve towards energy sustainability, smart buildings that are energy efficient are a necessity. These buildings are characterized by energy flexibility, renewable energy production and user interaction [1], and must be designed for near-zero energy, which is accomplished by managing renewable energy sources, advanced monitoring and control systems, energy storage and demand flexibility. Climate and user responses along with monitoring and supervision are some of the basic functions of smart buildings [1], which adapt to climatic conditions to minimize energy demand and generate energy to supply their energy consumption [2], and monitoring and supervision are necessary to control loads and set comfort settings [3]. However, to achieve the aim of adequate energy efficiency it is necessary to use modern lighting systems (LED and compact fluorescent lamps) [4,5], as well as numerous types of non-linear loads or DC appliances that need individual rectifiers to facilitate the connection of the equipment to the AC grid [6], and of course, to integrate the use of renewable energies, especially photovoltaic technology.



However, despite the advantages that the introduction of these elements brings when it comes to achieving a smart building, power quality (PQ) problems can arise in the electrical networks of these buildings that generate distortions, overloads, unbalances and voltage fluctuations [7,8,9,10,11,12,13] Within these PQ problems, the generation of harmonics and interharmonics are a particularly important concern in the electrical grid, as they arise precisely due to the operation of interconnected electricity producers (cogeneration, photovoltaics, etc.) [14] and the use of converters based on power electronics as an interface between distributed generation and the electricity grid [15], as well as the numerous non-linear loads existing in this type of buildings, thus causing energy losses, reduction of the life cycle and malfunctioning of equipment and installations. For this reason, research into power quality has increased a lot in recent times, especially in its detection, and since a disturbance can appear in the power grid at any time, it is important to develop techniques that allow continuous monitoring of electrical signals to determine the existence of anomalous behavior. In this sense, techniques that focus on the detection of PQ disturbances can be classified into two sets: transform-based (non-parametric) methodologies and model-based (parametric) methodologies [16], with the first group being the most observed in recent literature. Among all the non-parametric methodologies, the fast Fourier transform (FFT) is yet the most used technique when it is necessary to carry out an analysis in the frequency domain [17]. Notwithstanding, the FFT presents some drawbacks: it can only be used when the signal to analyze is stationary, and the spectral leakage that appears when a frequency component is not an integer multiple of the resolution of the transform. Thus, several techniques have been proposed for dealing with the issues related to the use of the FFT. Most of these alternative techniques extend their analysis to the time-frequency domain allowing studying both stationary and transient disturbances. Examples of these techniques are the short-time Fourier transform (STFT), wavelet transform (WT), S-transform (ST), Hilbert–Huang transform (HHT), empirical mode decomposition (EMD), multiple signal classification (MUSIC), among others [12,18,19]. Although these techniques deal with some of the concerns regarding FFT, they present other non-desired effects as mode mixing and high computational effort.



On the other hand, the parametric approaches aim to develop an accurate mathematical model that describes the behavior of any PQ disturbance [20,21]. These methods require an a priori knowledge of the parameters that describe the disturbance (severity, duration, spectral content, among others); however, they do not provide information regarding how these parameters are obtained. Thus, the use of methodologies that involve time and frequency domain high order statistic (HOS) have gained popularity, not only for parameter identification but also for working along with artificial intelligence tools, such as artificial neural networks (ANN) and support vector machines (SVM) to detect and classify a large set of PQ disturbances [22]. Within parametric approaches and given that spectral contamination with harmonics and interharmonics is probably the most common issue related to the existence of non-linear loads and distributed generation, the use of frequency-domain features, such as spectral kurtosis (SK), has gained popularity. Recently, the SK has been widely explored to perform a feature extraction that provides information about the existence of specific spectral components in electric signals [23,24]. The effectiveness of the spectral kurtosis relies on the fact that it is insensitive to Gaussian noise, and the computational burden and execution time associated with this feature are low. The works reported so far, using SK [25,26] or other techniques [27], have been demonstrated to be effective for detecting the presence of harmonics and interharmonics with a constant amplitude trend, even when their energy is low. However, they do not provide a time tracking of the detected spectral components to see their behavior along the day. The presence of non-linear loads is inherent in every smart building, not only for the existence of office or residential equipment but also for the use of self-generation systems mainly based on renewable energies. Therefore, smart buildings are likely to experience high levels of spectral distortion due to the large number of non-linear loads they have to handle. In this sense, it is important to develop techniques that allow performing a complete detection, quantification, and tracking of the most significant spectral components in the grid to determine how they evolve and be able to take actions when required to guarantee a proper quality for the final users.



The contribution of this work is developed in this line, introducing a methodology for the detection and quantification of stationary frequency components (harmonics and interharmonics) in the electrical signals of a smart building, and fusing the SK with the FFT. The use of the proposed methodology presents some advantages against the conventional approaches, for instance, the ease of its implementation since the mathematics behind this methodology are simple. This situation results in a technique that is efficient and demands a low computational burden. Moreover, it is possible to perform a time tracking of a specific stationary frequency component (SFC) without problems, such as the mode mixing introduced by time-frequency transforms, such as WT and EMD, this way it is possible to perform a quantification of how every SFC contributes to detriment the quality of the power grid. Finally, it is important to mention that, although SK is a widely explored technique, its use is more extended in the identification of transient events. Additionally, the combination of SK and FFT represents a novel solution for the time tracking and quantification of SFC. The proposed methodology aims to be a helpful tool to perform an estimation of the types of loads that appear in the grid and how they impact the quality of the supply. This way it is possible to propose actions in order to mitigate the undesired effects associated with a specific type of load. To validate this methodology, measurements have been carried out in a smart building located in the northeast of Spain, using two weeks of data from two different years. Since the proposed methodology performs a time tracking of the harmonics and interharmonics in the electric signals, it can be used as a tool for monitoring the levels of distortion associated with any frequency component along the day. This is helpful to determine when the distortion levels are beyond the admissible levels and take corrective actions when required. Moreover, with the proposed methodology, it is possible to perform an analysis of the power consumption habits that are presented in the building and how they influence the PQ of the building.




2. LUCIA Nearly Zero Energy Building


The building under analysis is named LUCIA (Lanzadera Universitaria de Centros de Investigación Aplicada, in Spanish for University Shuttle of Applied Research Centers) [28]. Founded in 2015 by the University of Valladolid, Spain, with the purpose of working as an applied research building that incorporates scientific centers from different disciplines and applied research laboratories through the creation of spin-off companies from enterprises with a technological base. The building presents a flexible distribution that allows several simultaneous uses to meet a changing demand from the users.



LUCIA is a Nearly Zero Energy Building (NZEB) and a ZERO CO2 building that has obtained some certifications that endorse it as the most sustainable building in Europe and in the entire northern hemisphere, and it is also ranked second in the same category all over the world. It is the second building in the world with the best score in the LEED certification (the first in the northern hemisphere), and it has the LEED Platinum certificate with 98 points. LEED is a worldwide voluntary certification system for sustainable buildings; it was developed by the U.S. Green Building Council and it is the certification in matter of sustainable buildings with the highest global recognition [29]. Additionally, the LUCIA building holds the highest rating (5 leaves) in the VERDE certification, a voluntary national certification that evaluates the reduction of the environmental impacts regarding the building under test, compared with those associated with another hypothetical building that is limited to meet the requirements specified by the local regulations [30]. Moreover, the LUCIA building has been awarded and recognized in different competitions and forums for the sustainable solutions that have been implemented in it. This building has been designed as a base for investigating the social aspects of sustainable buildings; it is a prototype for verifying the hypothesis that sustains the methods for environmental evaluation and one of its main tasks is the investigation on topics that have not been parameterized so far by using only renewable energies.



The building has an area of 7500 m2, distributed over 4 floors: three of them are located above the ground level and the fourth consists of a basement with a fully open parking space with natural lighting and ventilation (see Figure 1).



With the aim of minimizing the water and energy consumption, as well as the environmental impact, a series of systems and strategies have been implemented in the building to incorporate renewable energies in order to satisfy the requirements of air conditioning, heating and all the electrical services and lighting. These strategies can be categorized into two groups: active and passive strategies. The passive strategies are related to the building design, such as quality thermal isolation, sunlight control through skylights, a geothermal energy system for ventilation among others. In the case of the active strategies, they are described in more detail below since their importance is bigger due to the purpose of the present work:




	(a)

	
Solar photovoltaic energy: A part of the electric energy consumption is covered by two photovoltaic generation systems that are installed in the building. One of them is compounded by several photovoltaic modules that are located on the outer face of the double curtain wall in the central area of the southeast side of the building (Figure 2a). This first system (herein called the south system) delivers a rated power of 10 kW. The second system consists of photovoltaic glasses incorporated in two skylights (Figure 2b) above each one of the stairwells in the two communication blocks of the building; therefore, this system fulfills a double function: it provides natural lighting as a part of the roof structure, and it also produces energy delivering a rated power of about 5 kW.









	(b)

	
Trigeneration system: There is a biomass cogeneration installation with a nominal power of 100 kWe and about 180 kWt. It is a gasifier that transforms biomass and wood chips, into syngas that feeds some internal combustion engines. The thermal use of the system, when there is a demand for cooling, is completed with the installation of an absorption chiller that allows the air conditioning installation to provide cold.




	(c)

	
Installation of air conditioning and ventilation: it is a mixed air-water system with four-pipe fan coils as terminal units that allow to provide heating and cooling simultaneously in different parts of the building. The air is treated in the primary air conditioning system, equipped with a high-efficiency adiabatic heat recovery unit before it is delivered to the different locations inside the building through the fan coils.




	(d)

	
Both, the motors of the pumps from the hydraulic circuits and the motors from the fans of the air conditioner, are connected to variable frequency drives (VFD) that allow achieving the maximum efficiency by adjusting the operating conditions to the instantaneous needs. This way, only the required water flow is handled.




	(e)

	
Intelligent building management through a supervision, control and monitoring system of the facilities that allow configuring the different elements of the air conditioning and lighting systems for an efficient operation.




	
For lighting control, there are light intensity sensors that regulate and adjust the luminosity of the lamps in the workspaces when they need to be turned on. In the common areas, there are also presence detectors to limit the lamp activation to the necessary moments and when the levels of natural lighting are not sufficient.



	
For air conditioning, there are thermostats in each space that allow to independently regulate and control the contribution of heath or cold in each room.



	
The building is fully monitored in terms of thermal and electrical parameters; it counts with 97 grid analyzers that allow knowing the consumption of each workspace in the facility as well as the energy that is being produced by generation systems located in the building. It also integrates seven thermal energy meters at different locations within the air conditioning installation; temperature sensors in offices, laboratories and common spaces and even a weather station on the roof of the building to know different environmental and meteorological parameters.












Additionally, it must be mentioned that the LUCIA building incorporates its own electrical substation to manage the building energy consumption. This substation uses an 800 kVA dry-type transformer from Merlin Gerin. The main specifications of the substation are presented in Table 1.



Although all the aforementioned technology allows the building to generate its own energy and ensures more efficient performance of the overall tasks that must be carried out, the use of cogeneration with renewable energies, such as solar photovoltaic and biomass, along with the intelligent systems for the building management, introduces some challenges for the power grid. Since all these systems require nonlinear elements for proper functioning, a considerable number of spectral components (harmonics and interharmonics) are introduced to the power grid. Therefore, it is important to perform a continuous tracking of these components in order to guarantee that the power quality of the grid remains at acceptable levels that allow the proper operation of the numerous sensitive equipment operating in the technology laboratories that make up this building. Moreover, since the building possesses its own substation, a degradation in the power quality of the grid must be associated only with loads and processes that are performed inside the building, because the transformer acts as a filter for all the disturbances that may come from the outside.




3. Methodology


This paper presents a methodology for the detection and quantification of stationary frequency components (harmonics and interharmonics) in the electrical signals of a smart building, fusing SK with FFT, and the assessment of their impact on the electrical network of a building.



Figure 3 shows a general block diagram of the proposed methodology that is intended to develop two main tasks:




	
A spectral analysis, which is in charge of the identification and quantification of stationary frequency components (SFC) in electrical signals and will, in turn, be performed in three stages. First, the SK is used for the detection of SFC in current signals in order to identify specific frequency components that are related to consumption habits in the building. Then, since there are frequency components that are irrelevant to the study, discrimination of non-significant SFC is performed based on characteristics, such as amplitude variability throughout the day, and persistence during working hours. Finally, FFT is performed on the current signal to quantify the SFC detected by the SK.



	
A PQ analysis, which aims to assess the impact of SFCs on the smart building network. A PQ analysis is performed with the current and voltage signals to calculate the power consumption and THD associated with the loads inside the building.








These two analyses are designed to provide a reliable estimate of the nature of the loads introducing pollution into the network to assist network maintainers. The voltage and current signals from the smart building are measured at the low voltage panel and are used in both the spectral analysis and the PQ analysis.



In a first step, the SK assesses all the spectral components that appear in the electric signals and separate the stationary components from those that sporadically appear. Then the FFT is computed to measure the energy of the frequency components that are selected by the SK. Additionally, a general PQ analysis is performed to complement the evaluation of the smart building. Finally, results are analyzed to determine the impact of harmonics, inter-harmonics, and PQ in the electric grid of the smart building. This process is iteratively carried out to obtain a timestamp of the daily behavior of the stationary frequency components (SFC) that are present in the electric signals.



3.1. Spectral Analysis


As indicated above, the main task of the spectral analysis consists of the detection and quantification of the SFCs appearing in the current signals of the building, considering the fusion of two different techniques: SK and FFT. This analysis has been set up in three phases.



3.1.1. Detection of the SFC


The first step in the spectral analysis consists of the detection of the SFC and the SK is the technique that allows achieving this goal. SK is a technique that uses statistical tools for identifying spectral components that may be transient or stationary. These last are those that concern this work. To perform the computation of the SK the Welch estimation is used according to (1):


  S K  ( f )  =   M 4  ( f )    M 2    ( f )   2    − 2    



(1)




where   S K  ( f )    is the frequency domain series that contain the SK values;   M 4  ( f )    and   M 2  ( f )    are the spectra of the fourth and the second order moment of the signal, respectively, and they are obtained as described by (2) and (3):


  M 4  ( f )  = E  {     |  X  ( f )   |   4   }     



(2)






  M 2  ( f )  = E  {     |  X  ( f )   |   2   }   



(3)




where   E  {   }    is the expected value of time-series from the signal spectrum   X  ( f )   .



Although the estimation of the SK presented in (1) is mainly used for the identification and characterization of non-stationary series [31], it can also be suitable for the identification of stationary components since it considers the presence of both: Gaussian and non-Gaussian components in a signal. The parameters for computing the algorithm are selected as follows: 8192 samples for computing FFT with an overlap of 3072 points. Additionally, a Hann window of 4082 points is used to reduce the spectral leakage. The obtained spectra are averaged every 10 min and the fourth and the second moment of the signal are computed over these averaged values. The resulting values are substituted in (1) and a total of 144 values are obtained to represent the behavior of everyday analysis. It is important to mention, that the average spectrum is stored to be used later to obtain the energy of the identified stationary components.



As aforementioned, SK is a powerful tool for detecting non-stationary and stationary frequency components as well. This detection is characterized by positive values for non-stationary frequencies and negative values for stationary frequencies, the rest of spectral components, such as Gaussian noise, present a zero (or close to zero) value. Thus, to start with the identification task, all the frequency components with an SK value lower than −0.89 are isolated and considered as preliminary results. This process is carried out on the 144 SK values obtained for each day of analysis.




3.1.2. Discrimination of the Non-Significant SFC


Since the purpose of this work is to identify those frequencies that show a consistent amplitude behavior along the day, it is important to track those frequencies that repeatedly appear as stationary in the SK computation. Moreover, it is desirable to identify the frequency components that can be related to the building occupation during working hours. In order to separate the SFC that significantly contributes to the harmonic and interharmonic contamination of the grid, a discrimination of the non-significant SFC is conducted. Therefore, the frequencies that are present in at least 8 h of the day (i.e., frequencies that appear in 48 of the SK computation), are selected. The rest of the frequency components are discarded because they appear just for short time periods during the day. Furthermore, in this analysis, it is expected that frequencies, such as the fundamental frequency and some of its harmonics appear as stationary frequencies.



Even though a Hann window is applied to reduce the spectral leakage related to the calculation of the FFT, this effect can still be present in the results and it may lead to a misinterpretation of the stationary frequencies. Thus, the tracking of the stationary frequencies is performed searching for frequency values within a threshold instead of looking for a specific frequency. All the frequencies within the threshold are considered to be the same and they are addressed with the central value of the threshold.




3.1.3. Quantification of the SFC


For the quantification of the SFC, the spectrum calculated for the SK values is used. However, only the energy of those frequencies selected in the previous stage is considered. The energy of each frequency is stored to visualize its behavior and trend amplitude during each day. Furthermore, the quantification presents a form to visualize the results of the identification of the SFC in graphs showing amplitude variability along each day.





3.2. Power Quality Analysis


To complement the results delivered by the SK-FFT methodology and to make an overview of the occupation patterns in the sustainable building, a PQ analysis is performed. Since the main purpose of this work is related to the existence of frequency components different than the fundamental one, harmonic analysis is performed using the THD as the parameter to measure the levels of distortion during the days of analysis. The THD is calculated according to the standard IEEE 1159-2019 [32] using (4):


  T H D = 100      ∑  i = 2   50    X i 2       X 1    ,    



(4)




where THD represents the total harmonic distortion as a percentage of the energy of the fundamental frequency component;  X  represents the electric magnitude under analysis (voltage or current signal);    X 1    is the energy of the fundamental frequency component, and;    X i    is the energy of the i-th harmonic. The THD index is obtained for the current and for the voltage signals. The THD is obtained for time windows of 200 ms and then the average per minute is calculated and reported.



Additionally, the power consumption related to the building is calculated to show the difference in the occupation level for the two years of analysis. This way it is also possible to determine how the increase of the loads attached to the grid influence the quality of the power supply. In this work, the instantaneous power is computed as the product of the instantaneous values of the voltage and current signals as presented in (5):


  S  ( t )  = v  ( t )  i  ( t )  ,    



(5)




where   S  ( t )    is the instantaneous apparent power as a time function;   v  ( t )    and   i  ( t )    are the instantaneous value of the voltage and current signals, respectively. Since the data acquisition systems work at a sampling rate of 8000 Hz, a total of 8000 values per second are computed for the apparent power. However, the obtained power values are separated into one-minute windows and the average per minute is delivered as result. Additionally, to obtain a more reliable analysis of the power that is effectively used in the building, the active power is obtained considering (6):


  P  ( t )  =  1 T   ∫ 0 T  S  ( t )  d t ,    



(6)




where:  P  is the active power and  T  is the time interval over the active power computation is carried out. In order to keep the consistency of the data,  T  is also selected as 1 min. Since the calculation of the active power is performed over discrete signals, the discretization of (6) presented in (7) is used:


  P  ( t )  =  1 T   ∑  j = 1  n   v n   i n  ,    



(7)




where  n  is the number of samples and    v n    and    i n    are the n-th samples of the voltage and current signals, respectively. Finally, the reactive power   Q  ( t )    is calculated using (8) to provide an overview of the energy that is not effectively used in the building.


  Q  ( t )  =   S    ( t )   2  − P    ( t )   2     



(8)







The 1-min window used in the power consumption computation is selected so there exists consistency between the values for the THD and the power consumption. THD and power provide information about the change in the consumption habits in the building and determine the existence of an increment in the PQ contamination, and distortion levels between the days and years analyzed. This information gives a general picture of the status of the building each year, but it does not provide specific information, such as which harmonics or interharmonics are stationary or how they behave along the day. Then, the cooperation between the SK-FFT methodology for the identification of stationary frequencies and the PQ analysis delivers a more complete study of the building consumption along the time.





4. Experimental Setup


4.1. Description of the Data Acquisition System


Experimentation is performed in the facilities of the LUCIA building. Here, the consumptions of the complete building are measured at the low voltage distribution panel using a proprietary data acquisition system (DAS). The DAS uses a Field Programmable Gate Array (FPGA) device as the main processor and it is able to acquire signals from seven simultaneous channels (three for voltage signals and four for current signals) with a 16-bit resolution and at a sampling frequency of 8000 Hz. The data acquisition is carried out following a series of steps as depicted in Figure 4. In the first stage, the current and voltage from the probes are received by the DAS. Then, the signals are carried through a conditioning and isolation process. The conditioning mainly consists of an impedance coupling; therefore, a resistive element of 10 kΩ is selected to work along with the inductive elements associated with current probes, whereas a 250 kΩ resistive element is incorporated for the voltage probes. It must be mentioned that the values of the voltage and current signals must remain within ±2 VDC. In order to avoid security risks, the physical ground must be decoupled; thus, an isolation amplifier is used to accomplish this purpose. Additionally, the same amplifier allows obtaining a differential amplification with a gain of 8. Next and with the aim of avoiding signal aliasing, a filtering stage is performed. Here, a passive low-pass filter with a cutoff frequency of 3.2 kHz is implemented. At this point, the signals have been properly conditioned so they can be used in the data conversion process. To perform this conversion, an 8-channel analog to digital converter (ADC) is used. The selected ADC includes a programmable gain amplifier (PGA) and an electromagnetic interference (EMI) filter specially designed for PQ applications. The responsible for the configuration and the proper operation of the ADC is an FPGA-based processor. This processor is also in charge of establishing the sampling frequency, that in this particular case is selected to be 8000 Hz. Finally, the data storage is performed using an external micro SD module that allows easily changing the memory card once it is full. The DAS incorporates Bluetooth communication; thus, a personal tablet can be used as a user interface (see Figure 5a). Voltage signals are directly measured with cables from the secondary of the power transformer in the low voltage panel of the building whereas the current measurements are performed using the SCT-013-010 sensors by YHDC (see Figure 5b) installed in the secondary winding of measurement current transformers. The data are collected for two years with different consumptions. During the first year, the building works at about 50% of its capacity, whereas in the second year the installation operates at 100% of its capacity. One week of each year is selected for applying the proposed methodology to determine the existence of spectral components that constantly appear in the power grid and that may be related to the building operation. Additionally, a power quality analysis is performed on the voltage and current signals for the two weeks to determine how the SFC identified by the methodology impacts the grid.




4.2. Description of the Experimentation Dates


Two different data sets are selected in this work. The first data set is formed by the voltage and current signals from a complete week comprised between the months of February and March during the year 2018. The selected week goes from 24 February to 2 March. These days are selected because they are winter days but they are also working days; therefore, it is possible to observe the effect of important loads associated with climatization. The second data set is selected to be a week from the year 2019. In this case, the selected dates start on 15 May and end on 21 May. This week was chosen to take into account the effects of air-conditioning systems. The one-year separation between the two data sets is intended to present a view of the change in the consumption patterns inside the building from one year to another.





5. Results and Discussion


As mentioned in the experimental setup, a week of data is acquired in different years (2018 and 2019) from the described smart building. The proposed methodology is used for detecting stationary frequency components (SFC) and performing the power quality (PQ) analysis on the acquired data. Then, an analysis is performed to estimate the relationship between the SFC detected and loads of the smart building. Due to the nature of the loads in the smart building and the implemented strategies for control and energy generation, it is expected that the signals present harmonic and interharmonic contamination; therefore, the proposed methodology is suitable for finding the spectral component that is contaminating the power supply. Several SFC are identified by the methodology in the two years of analysis. The methodology identifies SFC until the range of 4 kHz (half the sampling frequency); however, this work analyzes frequencies until 1 kHz. A total of 39 SFC are identified in 2018 whereas 44 SFC are found in 2019. It is worth noticing that most of the SFC detected by the methodology are interharmonics; notwithstanding, the fundamental frequency and its harmonics are also detected as SFC. Figure 6 shows the amplitude behavior of the 3rd harmonic for each monitored day in the years 2018 and 2019. The 3rd harmonic in both years shows a constant amplitude all the week, but a different amplitude between the two years. This difference is related to the weather, 2018 data are acquired in winter and 2019 data are acquired in spring. Therefore, most of the loads used in the smart building are weather dependent, for instance, climatization.



The result of the spectral analysis and the PQ analysis are shown below.



5.1. Stationary Frequency Components and Loads Estimation


The amplitude behavior of the SFC detected in the current signals has a direct relationship with the loads connected to the electric grid in the smart building. Figure 6 shows some of the detected SFC in the electric current; these frequencies present changes in their energy values at specific hours during the weekdays. For the week taken from the year 2018, it is observed that the appearance of the frequencies of 32 Hz, 133 Hz and 167 Hz is consistent for different workdays (see Figure 7a,b). Moreover, the behavior of these three components is very similar so it can be inferred that all of them are produced for loads with similar characteristics. It is observed that the amplitude of the fluctuations in these frequency components presents a magnitude between 30 and the 70 dB and they occur at the beginning of the day, around 7:00, and at the end of the day, nearly 19:00 h. This schedule represents the period of the maximum occupancy of the building and it also corresponds with the start-up and the shutdown of the climatization systems. It is expected that these types of loads introduce a noticeable SFC since around 80% of the building consumption, because of the climatization (fan coils) and a Data Processing Centre (DPC). On the other hand, during the weekend the energy values of these spectral components remain constant (see Figure 7c,f). Additionally, it is worth noticing the fact that during the weekend, the amplitude values for the 32 Hz, 132 Hz and 167 Hz components are not only constant but low, indicating that the loads that cause the existence of such components are not operating during these days. Moreover, the climatization system is not started during the weekend; therefore, it cannot introduce SFC to the power grid. Some of the SFC that appear in the year 2018, still remain in the year 2019. This is the case for the 32 Hz and the 132 Hz components (see Figure 7d,e). Although in 2018 the identified SFC corresponds with a 133 Hz frequency and in the year 2019 the reported value is 132 Hz, these frequencies are so close to each other that it can be assumed that they are the same. Another important situation is the fact that harmonics always appear as SFC because they present a constant behavior for all the days. Notwithstanding, Figure 7d–f presents the temporal behavior of the 7th harmonic and it is observed that it behaves the same during weekdays as on weekends. This is an important situation because it shows that most loads of the building impact the generation of interharmonics instead of harmonics. This is an expected situation since many of the loads associated with sustainable buildings are nonlinear. In contrast, in Figure 7e it is observed that an increment in the amplitude of the 132 Hz starts at 0:00 h and finishes at 5:00 h. This time lapse coincides with the operation of the air purification system. At this point, it is worth noticing that the existence of frequency components different from the fundamental component causes a waveform distortion of the voltage and current signals. Such waveform distortion is harmful to the loads attached to the power grid because it reduces the lifetime of the internal components of every electric and electronic device. In industrial facilities, this kind of situation may lead to unexpected stops in the production process representing financial losses. On the other hand, at residential facilities, the presence of waveform distortions can be traduced in the malfunctioning of home appliances. Therefore, in order to propose solutions for mitigating the detrimental effects associated with harmonic and interharmonic components, it is necessary to develop robust and reliable methodologies that allow quantifying and identifying the specific components that cause waveform distortion. This turns out to be the main purpose of the proposed methodology.



It is reported that freezers and cool rooms represent between 20% to 25% of the building power consumption, whereas the consumption related to loads, such as illumination and office equipment, is almost imperceptible. The freezers and cool rooms can turn on at any time of the day. Figure 8a,d,g shows the 850 Hz component detected as SFC on different days of the year 2018, and the 340 Hz component detected as SFC on some other days of the year 2019 (see Figure 8b,e,h). These frequencies show a random variability in their amplitude that can be related to the operation of freezers and cool rooms. At this point is important to mention that these two frequencies present similar behavior during all the workdays. However, some frequency components behave differently depending on the weekday. For instance, during the year 2019, it is found that 668 Hz is an SFC. On Monday 20 May 2019 this frequency component presents a rising at 6:00 and then a falling at around 18:00 (see Figure 8c). Notwithstanding, on Friday 17 May the amplitude behavior is different since it presents several minor variations at night (see Figure 8f). Thus, it can be inferred that an atypical load was started during the night of 17 May 2019. During the weekend these SFC remain in very low values, but the 850 Hz component found on 3 March 2018 shows several variations (see Figure 8g). This situation can be easily explained due to the fact that the vending machines and some of the freezers in the building remain working even at weekend.



In addition, the detected SFC can cause long-term problems to the grid and the loads attached to it, because these frequencies cause waveform distortion that compromises the correct functioning of the loads attached to the grid. The proposed methodology brings information that makes it possible to take more specific corrective actions to mitigate the undesired effects. For instance, by knowing the frequencies that are mainly contributing to the detriment of the power quality in the grid, it is possible to correctly tune a filter that helps to attenuate the amplitude of the harmonic and interharmonic components. This way, the waveform distortion due to harmonic and interharmonic contamination can be reduced and the power quality can be improved.



It is important to mention that there are some other techniques that can also perform identification of SFC in an electrical signal, for instance, the FFT can perform this identification by itself. However, by using only the FFT it is not possible to perform the time tracking that is achieved by the proposed methodology. Some other techniques, such as WT and EMD could provide a solution that brings information regarding the temporal behavior of certain frequencies. Notwithstanding, these techniques deliver information for frequency bands rather than for specific frequencies. The proposed approach identifies and quantifies single frequency components delivering more accurate data since it avoids the mode mixing that can cause the contribution of a frequency component to be considered more than one time for the same analysis. Finally, there is some commercial equipment that allows performing an analysis of the harmonic distortion in an electrical signal. However, this equipment provides information regarding the total contribution of all the existent harmonics and it is not possible to obtain data about any specific harmonic. Moreover, only harmonics are considered and interharmonics are left aside. By using the methodology proposed in this work, it is possible to perform an analysis of both: harmonics and interharmonics. Additionally, information regarding specific frequencies is available for being used as a tool to cope with the methodologies for harmonic and interharmonic mitigation.



Since there are some other works and methodologies that try to address the same or similar issues to the methodology proposed in this work, Table 2 presents a comparison of the previously reported works against this work (The x indicates the capabilities of the different methodologies).



From Table 2, it is observed that the SK by itself has been previously used for the identification of stationary frequency components; however, its use has been reported only for the identification of harmonics, and interharmonics are left aside. Moreover, the SK also performs a time tracking of the frequency components but only on a 1-h basis and it does not provide information regarding the nature of the load that causes the existence of certain harmonics. On the other hand, the technique reported in [27] fuses adaptive variational mode decomposition (AVMD) with the Hilbert transform (HT). Although this methodology delivers good results on the identification of stationary harmonics, interharmonics are not analyzed and no time tracking of the behavior of the harmonic is presented. An explanation of the loads that may cause the detected harmonics is not provided either. Besides the proposed methodology, in [32] it is proposed the use of recursive least squares (RLS) and an iterated extended Kalman filter (IEKF) for the identification of both: harmonic and interharmonic components. Notwithstanding, a time tracking of the frequency components is not presented and the type of load that may be related to a specific frequency component is not analyzed. In [33] the use of wavelet transform (WT) is introduced for identifying harmonic components and the authors of this work also try to introduce an explanation of the loads that generate such harmonics. However, interharmonics are not studied and the time evolution of the found frequencies is not presented. Finally, the SK-FFT methodology proposed in this particular work is able to identify and quantify any SFC considering harmonics and interharmonics as well. Moreover, the time evolution of every SFC is tracked and presented and this behavior over time is used for analyzing the type of load that causes each SFC. Thus, the methodology here proposed is the only one that is capable of fulfilling these four tasks: identification of stationary harmonics, identification of stationary interharmonics, tracking behavior over time and presenting a relationship with possible loads.




5.2. PQ Analysis


The PQ analysis is performed on data from both years. This analysis is used as a complement to the results obtained by the SK-FFT methodology. Figure 9 shows the voltage THD calculated for both years, the behavior of this index is similar from 2018 to 2019. The register of the loads from the smart building shows that in both years there is almost the same number of loads, and this is reflected in the THD. Furthermore, the THD remains within acceptable levels during the two years of analysis. At this point, it is important to mention that the THD index is computed considering only the influence of harmonics. As it can be observed in the previous sections, most of the SFC that appear are interharmonics; therefore, their contribution is not considered. This is an important situation because most of the international standards that regulate PQ issues consider the THD as the main index for quantifying waveform distortion. The results found in this work show that interharmonics can also have a significant contribution to waveform distortion; then, their contribution should be considered. In this sense, the proposed methodology can inform about the interharmonics that significantly contribute to the waveform distortion so they can be considered in a new index for quantifying this waveform distortion.



As part of the PQ analysis, the active power is calculated. Figure 10 shows the active power from both years. The levels of active power in 2018 have a maximus in 100 kW, and the levels of active power in 2019 have a maximus in 200 kW. This difference is related to the weather because the data from 2018 is acquired in winter and the data from 2019 is acquired in spring and it is observed that more energy is required for cooling the building than for warming it.



Finally, it is important to mention that this methodology is suitable to be applied in facilities and installations different than the smart building presented here. For instance, this methodology may result helpful at industrial facilities where an important number of loads, such as electric motors, are operating simultaneously. Identifying unexpected frequency components can be useful for avoiding damage to sensitive equipment and reducing losses for the enterprise related to unexpected stops and poor PQ. Thus, the application of the proposed methodology at industrial facilities is left as a perspective for future work.





6. Conclusions


In this work, the fusion of two well-known techniques is proposed for the identification and isolation of stationary frequency components in electric signals. These techniques are the SK and the FFT. By combining these two techniques it is possible to use SK for tracking specific frequency components with stationary behavior, and with the FFT it is possible to perform an accurate estimation of each stationary component. This allows the identification and quantification of the SFC that cause waveform distortion in a robust and reliable way.



In addition, the described methodology has some advantages over some of the conventional approaches, as explained below. First, this proposed approach identifies and quantifies individual frequency components rather than frequency bands. This situation makes it possible to provide more accurate data, as it avoids mode mixing. Secondly, this methodology also allows observing the behavior of each frequency component over time; therefore, it is possible to determine the causes of specific frequencies to determine if any corrective action needs to be implemented.
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Figure 1. General view of the LUCIA building. 
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Figure 2. View of the photovoltaic installations (a) south system; and (b) skylight. 
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Figure 3. Description of the proposed methodology. 
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Figure 4. Functional diagram for the DAS. 
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Figure 5. Description of the (a) Proprietary DAS with user interface; and (b) placement of the current clamps in the secondary winding of measurement current transformers. 
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Figure 6. Amplitude behavior for the 3rd harmonic of the current signal (a) in 2018; and (b) in 2019. 
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Figure 7. SFC for the current signals: (a) frequencies 32 Hz, 133 Hz and 167 Hz for Monday 26 February 2018, (b) frequencies 32 Hz, 133 Hz and 167 Hz for Friday 2 March 2018, (c) frequencies 32 Hz, 133 Hz and 167 Hz for Saturday 3 March 2018, (d) frequencies 32 Hz, 132 Hz, and 350 Hz for Monday 20 May 2019, (e) frequencies 32 Hz, 132 Hz, and 350 Hz for Friday 17 May 2019, and (f) frequencies 32 Hz, 132 Hz, and 350 Hz for Saturday 18 May 2019. 
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Figure 8. SFC for the current signals: (a) frequency 850 Hz Monday 26 February 2018, (b) frequency 340 Hz Monday 20 May 2019, (c) frequency 668 Hz Monday 20 May 2019, (d) frequency 850 Hz Friday 2 March 2018, (e) frequency 340 Hz Friday 17 May 2019, (f) frequency 668 Hz Friday 17 May 2019, (g) frequency 850 Hz Saturday 3 March 2018, (h) frequency 340 Hz Saturday 18 May 2019, (i) frequency 668 Hz Saturday 18 May 2019. 
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Figure 9. Voltage THD for the: (a) week from 2018, (b) week from 2019. 
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Figure 10. Active Power (a) week from 2018 (b) week from 2019. 
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Table 1. Specifications for the substation in the LUCIA building.






Table 1. Specifications for the substation in the LUCIA building.





	Specification
	Value





	Voltage ratio
	13.2–20 kV/0.42 kV



	Secondary voltage
	420 V



	Short Circuit Voltage
	6%
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Table 2. Comparison of the proposed methodology with previous works.
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	Methodology
	Identification of Stationary Harmonics
	Identification of Stationary Interharmonics
	Tracking Behavior over Time
	Relationship with Possible Loads





	SK [25]
	x
	-
	1 h
	-



	AVMD + HT [27]
	x
	-
	-
	-



	RLS-IEKF [32]
	x
	x
	-
	-



	WT [33]
	x
	-
	-
	x



	SK-FFT (this work)
	x
	x
	Weekly
	x
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