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Abstract

:

One of the challenges associated with assessing critical systems is ensuring the appropriate quality of services. Supplying electricity is also one such service; however, the standards defining its assessment are not always consistent with the expectations of its consumers. This stems from the fact that the standards, which describe the quality of services associated with power supply, are based on a rather modest range of such parameters such as power supply continuity (interruption time), frequency, value, asymmetries, and time waveform shape (cf. EN 50160:2023). This article discusses the continuity quality of power supply (CQoPS), which takes into account numerous quality-related aspects, more than just the ones described in the standard. The method for determining CQoPS coefficients has been based on estimating uncertainty; therefore, it is devoid of such statistical evaluation disadvantages as the requirement for full knowledge of the system that is assessed. This paper also discusses an example calculation of one of the observations based on actual measurements of a renewable energy source (RES) power supply fed to metering systems and a result simulation depending on various observations.
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1. Introduction


One of the current challenges related to assessing critical systems associated with electricity supply is for such an assessment to take into account the highest possible number of parameters. Standard power system quality assessment is rather limited. Usually, only a small range of usable evaluation parameters is taken into account [1]. The previous approach to these systems seems flawed, especially in the case of renewable energy (RE) sources (RESs). In this paper, its authors present a method to assess the continuity quality of power supply (CQoPS) [2,3], which takes into account multiple quality dimensions, including the ones specified in [1]. The method for determining CQoPS coefficients has been based on estimating uncertainty (employing a proprietary fuzzy rough set F-RS method); therefore, it is devoid of such statistical evaluation disadvantages as the requirement for complete knowledge of the system. The paper presents a CQoPS determination model, with its calculations based on estimating uncertainty, and an example of determining observation coefficients. Such an example was based on actual almost-six-month calculations of a reference power supply system consisting of an RE element (PV panel) that was off the mains and gridless (off-grid). The final section of this article contains a simulation of the results by the authors based on the example presented.



Given the specificity of assessing power supply continuity and RE facilities, one can be tempted to review the research background based on numerous publications. After studying multiple publications, the authors extracted the following ones to indicate an entire research background associated with the proprietary studies.



One of the methods for increasing control over power quality is changing traditional solutions to more modern ones. Such a solution was proposed in [4], which focuses on optimizing electricity supply when converting alternating current (AC) to direct current (DC). Pulsed processing was employed instead of traditional transformers. It is an excellent solution that enables phasing out hard-to-control transformers. A control method based on energy was also proposed to improve energy quality management effectiveness by accelerating energy dissipation within the system.



Controlling the quality of the power supply and its continuity is one of the domains in the case of electric vehicles. Therefore, integrating electric vehicles (EVs) with a power grid tends to attract a lot of interest due to its potential benefits, such as responding to demand and improving energy quality [5]. However, the intermittent and unpredictable nature of charging and discharging electric vehicles can entail significant challenges for grid stability and energy quality. Employing neural networks could enable the optimization of connections and, hence, the quality of power supply (power supply continuity) to the grid via a Vehicle-to-Grid (V2G) system.



One of the CQoPS dimensions is detecting the impact of surges and overloads, as well as their sources. The authors of [6] demonstrated that it is important to remove the overload cause in the case of overload protections to protect other grid users against power supply interruptions. It was also shown that energy-hosting efficiency limitations arising from potential surges could be eliminated by, e.g., permitting occasional surges. Allowing a higher number of non-characteristic harmonics is a possible alternative to the strict emission limits for new facilities, considering a grid user’s subjective interests (e.g., using electric power in critical times like life-threatening ones).



Measuring energy quality and its uninterrupted supply is possible through employing appropriate energy meters. According to the authors of [7], developing such an inexpensive, wireless energy meter that would enable measuring the quality of energy for use in smart grids is a significant step in the field of the effective and accurate monitoring of electricity. In the case of increasingly complex and interconnected electrical systems, such a device will be indispensable within a wide range of applications, such as smart grids, through the introduction of a real-time energy monitoring system. In light of the above, smart meters may offer a greater capability in terms of sustainable and effective energy use and improve the utilization of energy sources, non-renewable ones in particular. The smart meter suggested by the authors is cost- and energy-efficient and offers benefits in terms of flexibility, thus constituting an innovative, efficient, and versatile solution for use in smart grids that provides high power supply quality.



One of the issues that should be addressed within a system for evaluating power quality, including CQoPS, is the complexity of power systems. The division of the power supply sectors into generation, transmission, and distribution has given rise to certain separate challenges, discussed by the authors in [8]. In particular, the authors introduced a power system resilience concept, demonstrating how it can be measured. This idea can be implemented as further CQoPS dimensions. These can be aspects not directly associated with the classic power quality, e.g., increased power demand, energy crisis, pollution, climate change, unavoidable events, and an aging grid infrastructure. The authors present a long-term reliable power supply system Through asset management, renewable energy, demand response, controlled and micro-grids, as well as I&C, self-repair, and monitoring systems.



More and more studies related to low-voltage (LV) DC power systems appear owing to the growing interest in RESs. Distribution and the associated issues have been described by the authors of [9]. This paper focuses not only on classic power quality (PQ) but also on the associated levels of compatibility in direct current grids and on measuring this compatibility. The measurements and spectral analysis of direct current systems were conducted via proprietary, specially designed measuring, and metrology equipment. Measurement results contribute to the development of DC PQ analysis tools and DC PQ measurement method standardization and can, therefore, be employed to determine the CQoPS coefficient dimensions that take into account the compatibility level, DC norms, and other DC network parameters.



Power system quality is often associated with these largest power consumers. It is estimated that road transport will become the dominant power consumer in the coming years. Issues associated with electric vehicles reappear in [10] but are not approached from the perspective of grid power distribution. The authors of [10] demonstrated that an increase in the number of electric vehicles and the associated imbalance in the number of dedicated charging stations may lead to issues related to monitoring the quality of power within the charging infrastructure. Both charging station efficiency and the efficiency of supplying sufficient power to those stations from the grid were taken into account. The paper also discusses several techniques for optimizing electric vehicle charging and their supporting energy storage. It was shown that the appropriate fit-out of charging stations with energy banks could significantly improve the coefficients associated with uninterrupted power supply.



Yet another research paper [11] once again discussed the issue of continuously supplying sufficient power to electric vehicle charging stations. The authors of [11] prove that the increase in the number of systems hooked up to such grids as EV leads to unstable operation within the power system. The authors suggest improving charging station effectiveness by employing sophisticated AC and DC power supply control algorithms from the standard control algorithms applied in proportional–integral–derivative (PID) and tilt–integral–derivative (TID) controllers to highly advanced algorithms based on the African vulture optimization algorithm (AVOA). Employing these elaborate power supply control methods enables improving power supply quality and, thus, the CQoPS in question.



The extent to which a new method for evaluating power systems is needed becomes evident after reading the next article. The authors of [12] argue that ensuring an effective PQ assessment requires new and more suitable data analysis tools. They propose an analysis method based on quantum clustering aimed at solving the problem of the unbalanced structure of the data monitored. The unbalanced PQ-monitoring data structure is analyzed first. This is followed by quantum clustering on PQ-monitoring data and identifying several different cluster patterns. Finally, the cluster significance index and the region significance index are defined to quantify the PQ effectiveness of both the cluster and region, respectively. This method can effectively extract various incorrect patterns from essentially unbalanced monitoring data, which is beneficial in terms of the easy and automatic detection of regions exhibiting problems with PQ indices exceeding specific limits. The results obtained as part of the method presented by the authors can be successfully integrated with the CQoPS coefficient determination method discussed herein.



Due to the coal phaseout of the technical domain, power systems are rapidly being reconstructed. There are no more simple solutions for power generators -> distributors -> consumers. Consumers are also increasingly often becoming producers owing to RESs. Thus, power grids must become smart. In addition, the authors of [13] demonstrate that power quality is of key importance for future smart grids. Therefore, the continuous development of solutions in the field of power electronics aimed at overcoming the issues related to power quality is of utmost significance. In consequence, power quality evaluation methods must also evolve. The authors proposed a new power quality evaluation system that is three-phase, multi-task, and unified. They called it a multiobjective unified power quality conditioner (MO-UPQC). It takes into account the interfaces for PV panels and energy storage in batteries and makes it possible to compensate for power quality problems in the voltages and the currents. Indices used in this publication could have become CQoPS dimensions or factors. The authors’ approach shows that classic PQ assessment is challenging to use in the newest equipment power source grids, and CQoPS could be a remedy for problems like this.



The authors of [14] once again addressed the high number of EVs impacting power supply quality. However, the authors assumed that the vehicles draw power through G2V and return power in the opposite direction to the grid through the Vehicle-to-Grid (V2G) system. The authors show that the increasing popularity of electric vehicles entails the appearance of multiple issues related to the electricity distribution system PQ. However, they limited recognizable issues to such phenomena as asymmetry, voltages, transformer failure, and harmonic distortion. The indices suggested by the authors apply to quality dimensions and can easily be applied to CQoPS determination.



Article [15] describes problems related to EV charging with PV and presents the concept of a hybrid EV charging station based on 4 kW solar energy. The proposed solution is based on a three-stage charging strategy: the PV system, the battery bank, and electricity from the grid provide continuous power supply for the EV. The article references problems with the quality control of energy supply and ensuring its continuity. To ensure appropriate quality and continuity, the authors propose using charging control algorithms to optimize the efficiency of the described hybrid charging station.



The authors wrote in article [16] that the progress in battery technology is leading to the use of EVs and their power banks as energy storage units for both households and businesses. This function may prove valuable but required DC networks, which seem most suitable. This cited article attempts to assess the potential of this novel power supply architecture and the requirements for bidirectional DC charging points. In addition, an energy management system (EMS) is presented directly based on the quality and continuity of the power supply. The challenges described in this article require a different approach to quality assessment, which goes far beyond the classical PQ assessment (reliance on statistical parameters and its failure to consider the assessment’s many quality dimensions and subjectivity). DC network standardization also plays a decisive role in realizing the potential of this technology.



The authors claim that integrating EV chargers into the grid and PV systems may cause power quality and stability issues that may affect the charger performance and the charging procedure in [17]. The division into drive and charging systems is mentioned as the essential components of EVs. These EV electric and PV systems will eventually be integrated into the energy market and may play a key role in redefining the market. In the summary of this article, the authors conclude that further research and development is needed to improve the power quality and robustness of EV charging systems and ensure the seamless integration of PV systems and EVs into the grid. Therefore, it is necessary to replace the standard PQ concept with a better-fit quality assessment for the current problems of power networks.



In paper [18], the comparison of the low-voltage DC (LVDC) microgrid vs. the low-voltage AC (LVAC) microgrid is presented. A new approach for EV charging in low-voltage distribution networks using an LVDC backbone is discussed here. Both LVDC and LVAC architectures are evaluated and compared with each other by performing power flow analysis. However, DC and PV-based networks can self-consume direct or stored energy. The advantage is that there is no energy loss when converting DC to AC and vice versa. To evaluate both networks’ PQ and power continuity, as the authors claim, the solutions need to be redesigned based on insights and observations of hybrid microgrids and EV holistically charging infrastructure in all aspects.



The authors of [19] claim that EV charging characteristics are highly variable, which causes adverse effects, including overload, stability problems, and PQ problems (in the classical sense) for other users connected to the same distribution network. Therefore, it is essential to ensure PQ and network stability simultaneously, which can only be achieved by better understanding the behavior of the network. Consequently, it is requested that the methods of quality assessment be improved. The article presents specific research results suggesting how significant interferences, not included in the classical PQ assessment, appear when using DC/AC converters (and D/C converters, especially in G2V networks). The basis of the evaluation was electromagnetic interference, described as conducted emission (CE). As a result of the conducted research, the limitations of the classical approach to PQ assessment were demonstrated.



The aforementioned unconventional equipment appearing within power grids becomes the main theme of [20]. The authors present innovative ideas and concepts developed by the academic milieu and engineering practitioners working in the field of the power sector infrastructure, who employ power electronic infrastructures to improve on-grid and off-grid system reliability and efficiency. The infrastructure of distributed power generation based on solar, wind, hydro, and numerous other renewable energy sources has significantly expanded over the last decade owing to the availability of efficient power converters and low-power generators. According to the authors, the issues associated with power quality and rating within a distributed power generation system infrastructure are the primary concern of customers. One of the conclusions drawn from the book is that non-standard equipment may lead to improving PQ; however, for this to become possible, we need to determine which parameters, indices, and dimensions are to affect the operation of PQ control equipment.



One of the possible applications for power system evaluation based on CQoPS is assessing critical facility power supply systems. Hospitals are examples of such facilities. The authors of [21] discuss alternative solutions to ensure power supply for a critical consumer, namely, a hospital. It is very important for a hospital to have an uninterrupted power supply guaranteed. Various solutions providing power supply continuity are employed to this end. The paper presents the use of a microprocessor-controlled generator that may take over power supply in the event of problems with power from a national power grid. CQoPS evaluation is indispensable in such facilities, as mentioned below in the summarized proprietary studies.



As can be seen, no prevailing power supply evaluation system would consider all the needs of contemporary power grids and energy consumers. Therefore, the authors of this study have repeatedly addressed this issue to research possible solutions. The first of such publications was reviewing an evaluation of a simple model based on an in-house and external power source [2]. This paper presents an original method for determining the CQoPS coefficient through estimating uncertainties based on hybrid methods employing the CF (certainty factor) hypothesis modeling [22,23] and a DS (short for Dempster and Shafer, the names of the creators) mathematical framework [24,25]. Both of these rather distant methods initiated the development of a proprietary hybrid method that enabled calculating CQoPS as one single value for the proposed model.



The authors of yet another thematically linked paper reviewed a different approach to CQoPS calculations based on a multi-dimensional model, taking into account numerous quality dimensions and power supply stages [2]. The model describing CQoPS takes power supply redundancy into account. A single-value CQoPS quality coefficient was determined using an uncertainty modeling method based on the hypothesis certainty factor (CF). CQoPS modeling takes multi-dimensional quality models and physical power supply stages into account. Quality models take into account seven dimensions making up the CQoPS (availability, appropriate amount, power supply reliability, power quality, assurance, responsiveness, and security). A model of power supply stages takes five such stages into account (power generation, supply to consumer, distribution by consumer, supply to device, power-consuming device).



Another proprietary paper that is thematically linked with the issue reviewed a method for determining a single-value CQoPS based on the F-RS method [26]. F-RS is a fuzzy method developed by the lead author that is based on the classic RS method [26]. The new CQoPS-based power supply system evaluation method was compared with a classic stochastic reliability and operational assessment approach. Both methods were compared and had their pros and cons listed.



When summarizing the accomplishments of the co-authors in applying uncertainty modeling to determine the CQoPS coefficient, it can be concluded that employing the F-RS method is the most promising. However, the developed proprietary F-RS method enables calculating only in the case of independent (parallel) models; therefore, a second method to enable determining observation coefficients in dependent (serial) relationships has to be adopted. The CF-based method best applies to calculations derived from dependent relationships, and it was also employed in this research paper. At this point, it should be added that the application of combined F-RS and CF methods creates a new hybrid method, which has been reviewed in subsequent sections of this study.



To summarize the literature review above, it can be concluded that previously, the design of the power supply system involved classic reliability indices, which are limited since they do not consider all possible factors that may impact power supply continuity. They only take into account the reliability of the equipment making up the system and several power supply quality coefficients. Thus, the main disadvantages of PQ assessment are its reliance on statistical parameters and its failure to consider the assessment’s many quality dimensions and subjectivity. The CQoPS model, among others, includes multidimensional quality, objective, and subjective evaluation based on modeling and uncertainty calculation. Moreover, classic PQ assessment can be part of CQoPS assessment as dimensions or features. There are also other arguments in favor of the proposed evaluation method based on CQoPS. Estimating the continuity quality of power supply using uncertainty modeling provides the opportunity to take into account all factors (not only reliability-related ones) that may affect power supply continuity. The proposed CQoPS determination method also enables the impact of changes in power system functionality on the producer–distributor–consumer–producer cycle to be taken into account, which was not considered by older power quality evaluation methods. That is not all. In a minimal state, the CQoPS model can consist of only one classic assessment (PQ or other). Thus, CQoPS can directly replace classic assessment methods.



The most straightforward off-grid power supply models were employed to demonstrate the capabilities of CQoPS assessment using RESs. A diagram of such a power supply system is shown in Figure 1. Such a power supply system is composed of three elements, namely, a PV panel, energy storage in the form of a battery, and an energy consumer in the form of an ICT system.



In the following sections, all stages of modeling are presented. At the beginning of the next section, the literature based on which the model was created is indicated. The following points present the dimensions used in previous publications to determine CQoPS and the selected dimensions used for this publication. In the next step, Figure 2 presents the states of the electricity stages and a set of observations (Table 1) used in the model. Figure 3 presents the entire model with dependent and independent elements in the form of observations, intermediate hypotheses, and the final hypothesis. Section 3 presents the calculation methods used in the model for calculations for dependent and independent elements, and calculation and simulation for the selected range of input parameters were performed. Section 4 presents the time variability of the CQoPS coefficient for the title power supply system.




2. Power Supply’s Quality Assessment Model


This chapter discusses a CQoPS modeling method. The CQoPS model has two primary element types. Above all, these are elements associated with assessing power supply continuity quality and, secondly, elements related to the stages that electricity goes through. The main author’s previous publications fully described the methodology used to create models like this [2,3]. In the course of this study, the following quality dimensions were selected as associated with power supply continuity quality [2,3]:




	
Availability (Dav)—a dimension that defines the possibility of energy being supplied on demand, at a given time and through an authorized process. This dimension is directly related to energy security.



	
Appropriate amount (Daa)—a dimension that determines how much power is adequate to complete the task and, at the same time, indicates that the amount is sufficient and that power surplus could reduce the quality.



	
Power supply reliability (Dpsr)—a dimension that determines that the reliability of a power system is at an appropriate level for conducting a particular task.



	
Power quality (Dpq)—a dimension that defines supplied power quality.



	
Assurance (Das)—a dimension that determines the assurance that power will be supplied to conduct the task.



	
Responsiveness (Dres)—a dimension that determines the availability of the power requested by the system and whether the supply system will meet this demand.



	
Security (Dse)—a dimension that determines adequate protection of power supply systems against external factors.



	
All of the CQoPS dimensions above form an independent model.








Each of the abovementioned dimensions can be described with an additional layer, which can contain the dimension features. Thus, a multilayer CQoPS dimension model can be created. Dimension features can be the generally accepted parameters, for example, for the Dpq dimension, parameters describing the quality of electricity can be added as features [3].



The second type of element within the model proposed is electricity stages [2,3]. The applicable stages in this case include the following:




	
Power generation includes not only electricity-generating elements but also energy storage.



	
Delivery to the recipient—electricity supply to a consumer who distributes it within its own enterprise.



	
Distribution by the recipient—electricity distribution within the consumer’s enterprise.



	
Delivery to the device—electricity supply within the consumer’s enterprise.



	
Power-consuming device—a device that consumes supplied electricity.








However, unlike the above [3], the following elements (Figure 2) should be employed in the case of the specific system shown in Figure 1:




	
Power generation—solar panel. Solar panel with a fixed position.



	
Delivery to the power storage—supply of power to energy storage. A power line that connects a solar panel and a battery.



	
Power storage—a battery and a device that controls the charging and distribution of electricity to consumers.



	
Delivery to the device—supply to consumers. It is connected to the aforementioned electricity consumers.



	
Power-consuming device—a device that consumes supplied electricity. In this case, it is a mobile camera, motion detector, shape recognition module, recorder, LTE connectivity system, and WiFi.








All power stages are interconnected, thus forming a dependent model. Figure 2 shows the easiest model with all power stages. These models can have parallel elements if they are necessary to multiply some stages. The findings above enable the development of a generic model based on power stages within the case in question. This model is shown in Figure 3, and Table 1 describes its elements.




3. Determining the Continuity Quality of Power Supply


The model developed in the previous chapters was proposed for a specific case, with its diagram in Figure 1. Its detailed description can be found in Table 1 and has been visualized in Figure 3. Another modeling stage is the selection of calculation methods. Multiple calculation methods for dependent and independent models can be assigned based on the experience and research of the authors [3,26]. However, recent papers have presented the most promising methods: the original F-RS method based on modeling uncertainty called the rough set and the related method for determining a hypothesis certainty coefficient method recognized from original publications and named the CF method [23].



3.1. Basic Rough Set Definitions


In order to briefly explain how to apply the F-RS method, the first stage should recall the rough set method. Employing the rough set method [26,27] (due to different definitions of rough sets, the author applied the one from the publications of Prof. Zdzisław Pawlak) enables defining the lower (1) and upper (2) approximations for a set of datagrams.


    B   *     X   =   x ∈ U : B ( x ) ⊆ X    



(1)






    B   *     X   =   x ∈ U : B ( x ) ∩ X ≠ ∅    



(2)




where there are the following:



U—universe (non-empty set of finite objects, set of datagrams from the analyzed example);



X—set, non-empty universe subset;



X—object from set X;



B(x)—abstract class containing object x from a full relationship (B-elementary set);



    B   *     X    —lower approximation of set X;



    B   *     X    —upper approximation of set X;



The following formula describes the difference between upper and lower approximation (3).


    B N   B     X   =   B   *     X   −   B   *   ( X )  



(3)







    B N   B     X   = ∅   only when upper and lower approximations are equal. Then, the set is an exact set. In another case, as in the one considered here, the set is an approximate set or a B-rough set, to be exact.



A quantitative measure of approximation can be determined through the equation


    α   B     X   =        B   *   ( X )         B   *   ( X )       



(4)




where there are the following:



    α   B     X    —approximation accuracy coefficient;



      B   *   ( X )    —lower approximation number of elements;



      B   *   ( X )    —upper approximation number of elements.



When     B N   B     X   = ∅  , the approximation accuracy coefficient is 1, as shown above, and we are dealing with an exact set. In the case in question, this coefficient enables supporting a decision, e.g., regarding the power supply system’s operation state.




3.2. Fuzzy Rough Set


A precise CQoPS assessment would only be possible if a method based on binary states were applied. Therefore, after fuzzing the function     α   B    , through replacing the number of states in the sets with their total values, we obtain [26] the following:


      α   B     X     F − R S   =      ∑    x ∈ U : B ( x ) ⊆ X        B   ( x )         ∑    x ∈ U : B ( x ) ∩ X ≠ ∅        B   ( x )         



(5)







Given the baseline independent relationship model presented in Figure 4, we can write the following:


      α   B     e x     F − R S   =      ∑    e x ∈ U : B ( e x ) ⊆ X        B   ( e x )         ∑    e x ∈ U : B ( e x ) ∩ X ≠ ∅        B   ( e x )         



(6)




where     B   ( e x )    —multivariate observation coefficient.




3.3. Independent Relationships


Ultimately, the coefficient after collapsing several independent elements can be determined from the formula (Figure 4) as follows:


    A   F − R S   =          α   B   ( e 1 − e n     F − R S             1 + α   B   ( e 1 − e n     F − R S         



(7)




where there are the following:     A   F − R S   = h  ;



n—number of observations.



Based on the original method for determining information quality presented in [3], the method for estimating independent relations is the most important element that enables CQoPS calculation based on the uncertainty model.




3.4. Dependent Relationships


Determining dependent relationships is the second element. In this case, however, the Cartesian product or products are usually applied [26]. Yet our case employs a formula from the theory of the CF for positive dependent observations [22,23] (Figure 5). The formula developed by the authors based on the theory of the CF looks as follows:


  h = A ( h , e 1 ) − ( 1 − A ( h , e 2 ) ) + A ( h , e 1 )   ·   ( 1 − A ( h , e 2 ) ) ;    A ( h , e 1 )  ≥ 0 ,    A ( h , e 2 )  ≥ 0  



(8)








3.5. Static Values of Continuity Quality of Power Supply Calculation


The static value of the CQoPS coefficient can be calculated using values from Table 2 [3].



Table 3 shows a decision table for the h1 intermediate hypothesis based on e1.1, e1.2, and e1.3 observations. The table contains six states, three of which have been identified as a power supply failure.



Based on the rough set theory, we obtain such subsets.



In the absence of a failure, the approximate set will be as described below.



	
No lower approximation (1) failure appears only for objects 1 to 3, i.e., as follows:


    B   *     X s   = { o b j 1 , o b j 2 , o b j 3 } .  











	
No upper approximation (2) failure appears only for objects 1 to 4, i.e., as follows:


    B   *     X s   = { o b j 1 , o b j 2 , o b j 3 , o b j 4 } .  














In the case of a failure, the approximate set will be as described below.



	
Lower approximation (1) failure appears for objects 4 to 6, i.e., as follows:


    B   *     X n   = { o b j 4 , o b j 5 , o b j 6 } .  











	
Upper approximation (2) failure appears for objects 1 to 6, i.e., as follows:


      B   *   ( X s )   = { o b j 1 , o b j 2 , o b j 3 , o b j 4 , o b j 5 , o b j 6 } .  














Using Formula (5) and Table 3 data, we can calculate h1 through the F-RS method.



In the absence of a failure, the approximate set will be as described below.



	
No lower approximation failure appears only for objects 1 to 3, i.e., as follows:


      B   *   ( X s )   = 3.12 .  











	
No upper approximation failure appears only for objects 1 to 4, i.e., as follows:


      B   *   ( X s )   = 3.12 .  














In the case of a failure, the approximate set will be as described below.



	
Lower approximation failure appears for objects 4 to 6, i.e., as follows:


      B   *   ( X n )   = 0.44 .  











	
Upper approximation failure appears only for objects 1 to 6, i.e., as follows:


      B   *   ( X n )   = 3.56 .  














The final value, using Formula (7), of the coefficient is as follows:


  h 1 =      3.12   3.12     1 +   0.44   3.56      = 0.89 .  











Similar procedures involving subsequent intermediate hypotheses—h2, h3, h4, and h5—provide the coefficient results shown in Table 4.



The next stage will involve calculating the final h hypotheses. This will be achieved by applying a different uncertainty determination method based on the CF hypothesis method (8).


  h 12 = h 1 −   1 − h 2   + h 1 · ( 1 − h 2 ) ≈ 0.8826  











Thus, the final value is h = 0.8745. It is the static value of CQoPS.



To end with, the CQoPS intermediate hypothesis was simulated as a function of the e1.1 observation to demonstrate modeling reliability. This relationship is demonstrated in Figure 6. As expected, the intermediate hypothesis value tends asymptotically to a value for which the system achieves perfection regarding qualitative assessment.





4. Availability of Renewable Energy Source Power


The application of RESs as the only energy source entails rather specific conditions. One of these is the periodic wait for a sufficient power volume to charge a battery and feed the detector. In this case, the power source under consideration is a PV panel; therefore, the evaluated observation will be its sunlight exposure time. The observation feature adopted was the normalized day length, which reaches a value similar to the number of measurements during the autumnal equinox period. As can be seen in Figure 7, the number of measurements (part of measurement results shown in Supplementary Materials Table S1) has been rather stable since 5 October 2023. This date is the second week after the autumnal equinox. Therefore, with a considerable error margin, it has to be concluded that the power supply system fed sufficient power quantities until the autumnal equinox. The measuring system assumptions included failure-free operation in the summer months, which was satisfactory. Issues related to power volumes sufficient to power the detector 24 h a day started to appear on October 5. Based on the methods described in [26] and considering all power stages, estimating the continuity quality of the power supply for this specific case of a metering system is possible. This modeling indicates a difference in the CQoPS coefficient between sufficient and insufficient power.



To determine the observation coefficient related to power from an RES, the authors determined the maximum number of measurements Lmax as an achievable value (Figure 8). Dependence on the day length function (normalized in this case) enabled the derivation of a formula for the hRE observation coefficient, which can be employed as one of the dimensions of the final CQoPS evaluation. The hRE observation coefficient is nothing more than a time-dependent coefficient of observation h1.1. Therefore, it can be written that hRE = h1.1(t), where t is the function of time calculated in days in this case. It follows that the ultimate coefficient shown in Figure 9 will be designated CQoPS(t), which is the CQoPS value as a function of time. The shape of the CQoPS(t) graph in Figure 9 proves the rapid deterioration of the power supply, starting on the date of insufficient solar energy. These results presented in Figure 9 allow us to conclude whether the power supply from the RES of the detector with the assessed CQoPS is sufficient.



The presented example concerns a specific parameter of the power supply system: the amount of supplied solar energy. However, in general, the same procedure can be applied to other parameters of the power supply system that vary over time, e.g., change in time of battery capacity or efficiency of solar cells.


  hRE =         T     L   m a x      ; f o r T <   L   m a x       1      ; f o r T ≥   L   m a x         



(9)








5. Conclusions


The presented method enables reliable assessment of the quality of power supply continuity depending on the efficiency and other parameters of the power supply system. It is based on the author’s method of determining quality by modeling uncertainty. This modeling is described in Section 2, and it is proven by simulation that using many dimensions and their features to calculate the CQoPS quality indicator is possible. The number of these dimensions and their features is arbitrary, which makes the proposed method a better estimator than the currently used methods based on the EN 50160:2023 standard [1]. Therefore, in the proposed CQoPS assessment method, many more parameters can be used than only those typical for the above standard: power supply continuity (interruption time), frequency, value, asymmetries, and time waveform shape.



Additionally, the presented method of determining CQoPS is very universal. As mentioned, others can replace the dimensions described in Section 2, or their list can be extended. These dimensions may depend on various features specific to these dimensions. On the other hand, determining CQoPS allows for considering any power supply structure places and independent calculation of quality dimensions for each place. This provides an enhanced model for power quality assessment, namely the determination of the CQoPS coefficient. This allows this method of calculating CQoPS to be used in many places where conventional power quality assessment methods are insufficient, too.



In this text, the solution for three main issues has been shown:




	
Using CQoPS calculation for the power source system for the one off the mains makes this system assessment possible based on the unused aspects in the standard dimensions. The evaluation based on the CQoPS is very useful, especially for DC grids, PV, and EV.



	
Using the new uncertainty calculation method of this study, F-RS, for the hypothesis calculation in the uncertainty models for CQoPS makes it possible to use many dimensions in independent models.



	
The proposed method makes it possible for the CQoPS calculations to depend on time and be based on the real ICT system powered off the mains.








The authors planned that the next step would involve the evaluation of CQoPS for many time-varying parameters that affect the model’s dimensions. The model in the CQoPS concept, as with all uncertainty models, needs calibration. The calibration requirement is not a disadvantage because all assessment methods need experts to determine values and ranges or comparative patterns. The authors declare that they are dealing with a calibration problem as the next step of research.
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Figure 1. The power supply of an ICT system from RESs. Own study. 
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Figure 2. Case study electricity stages. Own study. 
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Figure 3. CQoPS assessment model for elements of the considered system from Figure 1. Own study. 
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Figure 4. Independent baseline model. Own study. 
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Figure 5. Dependent baseline model. Own study. 
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Figure 6. CQoPS graph depending on the e1.1 observation. Own study. 
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Figure 7. Number of detections during measurement and normalized day length. Own study. 
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Figure 8. hRE coefficient determination. Own study. 
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Figure 9. Determination of the CQoPS(t) factor. Own study. 






Figure 9. Determination of the CQoPS(t) factor. Own study.



[image: Energies 17 06423 g009]







 





Table 1. Observations and power states for the elements of the system in question. Own study.






Table 1. Observations and power states for the elements of the system in question. Own study.





	
Module Name

	
Intermediate Hypothesis

	
Power State

	
Observations

	
Observation Description






	
Supply to power storage

	
h1

	
The supply system operating correctly

	
e1.1

	
A correctly operating solar panel supplying sufficient power—enough daylight.




	
Not enough power

	
e1.2

	
Bad weather—not enough power supplied by the panel.




	
Solar panel failure

	
e1.3

	
Panel failure—not supplying power.




	
Delivery to power storage

	
h2

	
Power is correctly supplied to the battery

	
e2.1

	
Solar panel power is supplied to the battery.




	
Battery power supply issue

	
e2.2

	
No power was supplied to storage due to power transmission failure.




	
Power storage

	
h3

	
Correct battery charging

	
e3.1

	
Battery charging is correct, and the power supply is operating correctly.




	
Power supply fault

	
e3.2

	
Battery charger issue.




	
Power relay fault

	
e3.3

	
Problem with the relay of power supplied to the consumer.




	
Battery damage

	
e3.4

	
Energy storage damage.




	
Supply to device

	
h4

	
Correct power supply to consumer

	
e4.1

	
The power transmission system to the consumer operates correctly.




	
Problematic power supply to consumer

	
e4.2

	
No power was supplied to the consumer due to a power transmission failure.




	
Power-consuming device

	
h5

	
Supplied consumer

	
e5.1

	
All consumer systems are powered correctly.




	
Not enough power

	
e5.2

	
Not all consumer systems are operating due to power outages.




	
Consumer’s power supply system failure

	
e5.3

	
The consumer is not operating due to no power.











 





Table 2. Assignment of particular values for all static mode observations. Prepared by the authors based on [3].
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	Observation
	Value
	Observation
	Value





	e1.1
	1
	e3.3
	0.001



	e1.2
	0.1
	e3.4
	0.0005



	e1.3
	0.02
	e4.1
	0.985



	e2.1
	0.99
	e4.2
	0.03



	e2.2
	0.08
	e5.1
	0.999



	e3.1
	0.998
	e5.2
	0.00001



	e3.2
	0.05
	e5.3
	0.02










 





Table 3. Decision table for h1 indirect hypothesis calculation. Own study.
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	Object
	e1.1
	e1.2
	e1.3
	Failure





	1
	1
	0
	0
	0



	2
	1
	0.1
	0
	0



	3
	1
	0
	0.02
	0



	4
	0
	0
	0
	0



	5
	0
	0.1
	0.02
	0.12



	6
	0
	0.1
	0
	0.1










 





Table 4. Intermediate hypothesis values. Own study.
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	Intermediate Hypothesis
	Value





	h1
	0.890



	h2
	0.933



	h3
	0.973



	h4
	0.972



	h5
	0.987
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