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Abstract

:

This article describes the issues related to the analysis of the reliability-exploitation of power supply systems in transport telematics devices (PSSs in TTDs). This paper characterizes solutions, which are applied in supply systems, and describes a PSS in a TTD from a main source and a standby one. This enables determining the dependencies denoting the probabilities of the system staying in full ability state, safety threat state, and safety unreliability state. A quality analysis of the PSS in TTD was conducted, and the indicator value of the supply continuity quality was evaluated. This indicator allows the demonstration of continuity quality of power supply (CQoPS) dependency on many quality dimensions, not just reliability. An example demonstrates the calculation of CQoPS factor for both the main and the standby power supply, employing three observations, each influencing the quality. The presented considerations in the field of quality and reliability-exploitation modeling of a PSS can be applied as well in other public utility facilities (including those classified as critical infrastructure). The character of functions performed by critical infrastructure facilities demands an operating continuity of these systems at an appropriate level. The co-first authors of the article once again address the issue of determining CQoPS factor, this time on the basis of modeling using mathematical evidence. TTD is an example in this article, because the presented methods can be used in any kind of system, especially in the power source of critical systems.
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1. Introduction


During the exploitation of power supply systems in transport telematics devices (PSSs in TTDs), there are many diverse external factors, whose impact means that each of the systems might stop being exploitable at a different moment after activation. In order to provide an appropriate level of security of operated transport services [1,2], solutions are introduced that enable increasing the value of probability of maintaining exploitability of the system. This article presents a reliability-exploitation and quality analysis of PSS in TTD.



From a range of general reflections on the theory of reliability, many outstanding literary works [3,4] can be listed. These publications include, e.g., the analyses of a variety of reliability structures (series, parallel, and series-parallel). There are also numerous publications in the field of rationalization of the system exploitation process [5,6]. Knowing the reliability structure of a system, a transition graph between the featured exploitation states could be depicted taking into account the defined relationships between them. Subsequently applying the Chapman–Kolmagorov equations [7] and the Laplace transform yields equations enables counting the probability values of a system being in the exemplified exploitation states. Such an approach will be adopted in reliability-exploitation analyses of PSSs in TTDs.



There is a large number of publications [8,9,10] in which the functioning and designing of power supply systems were characterized. Yet, these works belong to rather generic ones. The character of technical solutions and requirements in regard to power supply systems applied in transport demands ensuring appropriate values of the quality and reliability-exploitation indicators [11]. Exactly this is the topic of the subsequent sections of this article. Such an approach can be considered novel in the analysis of power supply systems in transport telematics devices.




2. Review of Literature in the Area of Reliability-Exploitation and Quality Analysis of Power Supply Systems


Issues regarding the analysis of power supply system reliability have appeared in many papers. The most important studies’ content [12,13] (describes classical reliability analysis of power supply systems), despite the passage of time, is still up to date and provides a basis for advanced mathematical considerations in currently prepared publications.



The demand to provide an appropriate power supply in order to achieve reliable functioning of transport telematics devices imposes an application of redundant power supplies. There is a study [14] that describes static and dynamic systems of standby supply. Such solutions facilitate the increase of the value of the system readiness. They do not yet take into account the specific conditions in which power supply systems in transport telematics devices function.



An essential issue is the exploitation of the power system. There is a publication [12] that describes the influence of financial investments on the increase of reliability indicator values. Scientifically interesting are the reliability models presented by authors that regard the supply systems and probability distribution of chosen reliability indicators. They can be adopted in the assessment of currently operating systems.



Apart from the reliability of supply systems, the quality of power supply is vital. The study described in [13] proves that values of chosen reliability indicators can be applied to a variety of types of power grids. This study also includes calculations concerning reliability-exploitation of power grids. The given figures are included in this article with regard to quality analysis of power supply systems in transport telematics devices.



Currently there are numerous studies that aim is to optimize power supply. The presented research models take into account economical aspects. Due to this, rational functioning of power supply is possible [15,16]. The approach adopted in these studies does not take into account the quality aspects of the functioning of power supply systems.



It is essential to obtain the required indicators of reliability-exploitation values in power supply systems in transport telematics devices. As it has been mentioned before, it is vital to apply redundant power supplies. For this reason, standby power supplies are introduced next to the main ones [17,18,19,20]. Most frequently, these are generating sets or renewable sources of energy (PV systems, wind turbines). Their application leads to the improvement of the values of the power supply reliability-exploitation indicators. Control systems, which are responsible for switching from the main power supply to the redundant one, in such solutions are essential together with management and power grid control systems [21]. The conducted reliability-exploitation analysis in these studies justified the application of such solutions.



Power supply systems in transport telematics devices (PSSs in TTDs) should feature much better technical parameters than those that are applied in offices or homes. This results from the fact that they serve as traffic control and thus influence the level of traffic safety (road, rail, and air) [22].



Today, while designing PSSs in TTDs, one cannot overlook the adoption of renewable sources of energy. Regarding this matter, there is a scientifically valuable publication [23]. It provides an analysis of several dozens of studies in the field of supply systems using PV. Some authors devoted part of their research to reliability analysis to achieve appropriate values of supply system reliability-exploitation indicators.



One of the most crucial issues is the application of renewable sources of energy (e.g., PV) in PSSs in TTDs. This mainly concerns facilities located far from main traffic management centers. One publication [24] explores the modeling of control methods in those types of supply systems, taking specifically into account diverse states of unreliability.



Another important issue in providing appropriate PSSs in TTDs is the problem of power supply redundancy for facilities located in non-residential areas. An example of such is a base transceiver station (BTS) for digital mobile telecommunication system applied in traffic management (e.g., rail transport). Usually, the redundant power supply consists of a power generating unit. An article [25] delves into additionally applying PV systems. The conducted analyses and simulations (both concerning power supply reliability and economic aspects) confirm the validity of applying such solutions.



PSSs in TTDs cooperate with the environment. Thus, their reliability-exploitation indicators, which describe them, should have adequate values for the type of transport facility. Therefore reliability-exploitation analysis is vital [26]. The electromagnetic compatibility of the applied electrical and electronic devices [27,28,29] in PSSs is equally essential. Due to the extensiveness of this issue, the authors do not refer to it in this article. When designing PSSs, the impact of electromagnetic interference should be taken into account.



All above-mentioned issues hardly determine the usefulness of power supplies on the basis of reliability-exploitation parameters calculated using Kolmogorov–Chapman Equations. Power supply quality assessment allows for a bigger number of factors, which can influence the result of this system’s assessment and which especially in classical evaluations are omitted due to the complexity of calculations [30,31]. Applying quality assessment, one can also perform a subjective evaluation, i.e., regarding it only from the standpoint of service requirement, in this case, the power supply.



Therefore, this article describes a more refined method, which enables determining quality indicators of systems as presented in several publications [32,33].



To that end, a broader view on the topic was applied by introducing a quality analysis of PSSs in TTDs and evaluating the values of power supply continuity quality with the adoption of the Dempster–Shafer mathematical theory of evidence (DS) [34,35,36]. Quality is a degree to which a set of inherent characteristics meets requirements [37], and a quality measure can be objective, but it often remains subjective and relative [38,39] and can consist of many elements. Considering all these characteristics, the uncertainty model integrating quality measures [40] could be an appropriate model to describe quality. This is exactly the modeling method applied in this publication. Not only can it be employed in systems describing power supply quality [34], but also the ones that provide a description of information quality in telematics and in transport as well as in non-technical fields.



The co-first authors of the article [41] presented a different approach to the evaluation of the supply system based on the modelling of CQoPS factor. Namely, they employed uncertainty modelling, i.e., the certainty factor (CF) of the hypothesis. The authors applied a model based on uncertainty calculations using DS mathematical evidence [34,35]. The methods presented in this paper can be treated as novel, because there is a lack of publications, which simultaneously analyze PPSs in TTDS with regard to reliability-exploitation aspects together with the quality evaluation. This is precisely what the authors of this article have scrutinized.




3. Reliability-Exploitation Analysis of Power Supply Systems


PSSs in TTDs perform many functions, which enable the transport process to work efficiently. Appropriate power supply of the individual complementary devices is required in order to ensure reliable functioning [42,43]. Their failure may lead to malperformance of the whole system or of its part [44,45]. That is why, among others, in TTDs the supply is provided from two independent sources. The first one is the main power supply, whereas the second one is redundant. In the case of incapacity of the main source, it automatically switches to the redundant supply. A structural sketch of a power supply consisting of these two independent sources of power, meant for PSSs in TTDs, is shown in Figure 1.



Conducting an analysis of the PSS in TTD depicted in Figure 1, one can claim that relations occurring in it with regard to reliability-exploitation analysis can be described as in Figure 2. A model of supplying a critical system, i.e., telematics transport system supply, has been used as an example.



Symbols in Figure 2 represent:




	
RO(t)—probability function of the system occurring in full ability state SFA,



	
QST(t)—probability function of the system occurring in safety threat state SST,



	
QU(t)—probability function of the system occurring in unreliability of safety state SU,



	
λST1—transitions rate from full ability state SFA to safety threat state SST,



	
μFA1—transitions rate from safety threat state SST to full ability state SFA,



	
λST2—transitions rate from safety threat state SST to unreliability of safety state SU,



	
μFA2—transitions rate from unreliability of safety state SU to safety threat state SST,



	
λFA—transitions rate from full ability state SFA to unreliability of safety state SU.








Full ability state SFA is a state in which both power supplies in TTDs function correctly (both the main and the redundant one). Safety threat state SST represents a situation when the main power supply is unfit. Unreliability of safety SU state occurs when both sources of power supply are unfit.



If in the case of a state of full ability SFA of a PSS in TTD, a failure of power supply circuit occurs, then the system switches to the state of safety threat SST with λST1 intensity rate. When a PSS in TTD is in a state of safety threat SST, it is possible to transfer to full ability state SFA by undertaking measures to restore the ability state in the main power supply circuit.



If in the case of safety threat state SST the standby power supply fails, then a transition into the state of safety unreliability occurs at λST2 intensity rate. A return transition from the safety unreliability state to the safety threat state becomes possible if appropriate actions are taken to restore ability state to the standby power supply unit.



If in the case of full ability state SFA both sources of power supply fail, then direct transition to the state of safety unreliability SU occurs.



The system presented in Figure 2 can be described with the following Chapman–Kolmogorov Equations:


    R 0 ′   ( t )  = −  λ  S T 1   ⋅  R 0   ( t )  +  μ  F A 1   ⋅  Q  S T    ( t )  −  λ  F A   ⋅  R 0   ( t )      Q  S T  ′   ( t )  =  λ  S T 1   ⋅  R 0   ( t )  −  μ  F A 1   ⋅  Q  S T    ( t )  −  λ  S T 2   ⋅  Q  S T    ( t )  +  μ  F A 2   ⋅  Q U   ( t )      Q U ′   ( t )  =  λ  S T 2   ⋅  Q  S T    ( t )  −  μ  F A 2   ⋅  Q U   ( t )  +  λ  F A   ⋅  R 0   ( t )    



(1)







Adopting the following initial conditions:


    R 0   ( 0 )  = 1     Q  S T    ( 0 )  =  Q U   ( 0 )  = 0 ,   



(2)




and applying Laplace transform yields the following system of linear equations:


   s ⋅  R 0 *   ( s )  − 1 = −  λ  S T 1   ⋅  R 0 *   ( s )  +  μ  F A 1   ⋅  Q  S T  *   ( s )  −  λ  F A   ⋅  R 0 *   ( s )     s ⋅  Q  S T  *   ( s )  =  λ  S T 1   ⋅  R 0 *   ( s )  −  μ  F A 1   ⋅  Q  S T  *   ( s )  −  λ  S T 2   ⋅  Q  S T  *   ( s )  +  μ  F A 2   ⋅  Q U *   ( s )     s ⋅  Q U *   ( s )  =  λ  S T 2   ⋅  Q  S T  *   ( s )  −  μ  F A 2   ⋅  Q U *   ( s )  +  λ  F A   ⋅  R 0 *   ( s )  ,   



(3)







The probabilities that the PSS in TTD stays in the given functional states appear in symbolic (Laplace) terms as follows:


    R 0 *   ( s )  =    s 2  + s ⋅  μ  F A 1   + s ⋅  λ  S T 2   + s ⋅  μ  F A 2   +  μ  F A 1   ⋅  μ  F A 2       s 2  ⋅  λ  F A   +  s 2  ⋅  λ  S T 1   +  s 2  ⋅  μ  F A 1   +  s 2  ⋅  λ  S T 2   +  s 2  ⋅  μ  F A 2   +  s 3  + s ⋅  λ  F A   ⋅  μ  F A 1   +   s ⋅  λ  F A   ⋅  λ  S T 2   + s ⋅  λ  F A   ⋅  μ  F A 2   + s ⋅  λ  S T 1   ⋅  λ  S T 2   + s ⋅  λ  S T 1   ⋅  μ  F A 2   + s ⋅  μ  F A 1   ⋅  μ  F A 2         Q  S T  *   ( s )  =   s ⋅  λ  S T 1   +  λ  F A   ⋅  μ  F A 2   +  λ  S T 1   ⋅  μ  F A 2       s 2  ⋅  λ  F A   +  s 2  ⋅  λ  S T 1   +  s 2  ⋅  μ  F A 1   +  s 2  ⋅  λ  S T 2   +  s 2  ⋅  μ  F A 2   +  s 3  + s ⋅  λ  F A   ⋅  μ  F A 1   +     s ⋅  λ  F A   ⋅  λ  S T 2   + s ⋅  λ  F A   ⋅  μ  F A 2   + s ⋅  λ  S T 1   ⋅  λ  S T 2   + s ⋅  λ  S T 1   ⋅  μ  F A 2   + s ⋅  μ  F A 1   ⋅  μ  F A 2           Q U *   ( s )  =   s ⋅  λ  F A   +  λ  F A   ⋅  μ  F A 1   +  λ  F A   ⋅  λ  S T 2   +  λ  S T 1   ⋅  λ  S T 2        s 2  ⋅  λ  F A   +  s 2  ⋅  λ  S T 1   +  s 2  ⋅  μ  F A 1   +  s 2  ⋅  λ  S T 2   +  s 2  ⋅  μ  F A 2   +  s 3  + s ⋅  λ  F A   ⋅  μ  F A 1   +    s ⋅  λ  F A   ⋅  λ  S T 2   + s ⋅  λ  F A   ⋅  μ  F A 2   + s ⋅  λ  S T 1   ⋅  λ  S T 2   + s ⋅  λ  S T 1   ⋅  μ  F A 2   + s ⋅  μ  F A 1   ⋅  μ  F A 2        ,  



(4)







Solution to the equation set (4) in the time domain is the next stage of this analysis, yet it is not discussed in this article.




4. Exploitation Process Modeling of PSSs in TTDs


Computer simulations allow determining quite quickly the influence of value changes of various reliability-exploitation indicators of specific subsystems on the values of indicators, describing the whole analyzed PSS.



Probability values of the PSS in TTD in full ability state SFA, safety threat state SST, and safety unreliability state SU were determined employing computer aid (like in example 1).



An example 1



The following values were chosen to define the analyzed PSS in TTD:




	
test duration—1 year:


  t = 8760  ( h )   











	
reliability of main power supply:


   R  S T 1    ( t )  = 0.999  











	
reliability of the redundant power supply:


   R  S T 2    ( t )  = 0.9999  











	
transition rate from safety threat state to full ability state:


   μ  F A 1   = 0.1  (   1 h   )   











	
transition rate from unreliability of safety state to safety threat state:


   μ  F A 2   = 0.1  (   1 h   )   











	
transition rate from full ability state to unreliability of safety state:


   λ  F A   = 1.141558 ⋅   10   − 9    (   1 h   )   
















Knowing the reliability value    R  S T 1    ( t )   , it is possible to evaluate the transition rate from full ability state to safety threat state. Employing the simplest exponential distribution model of reliability time, we can take advantage of the following dependency:


    R  S T 1    ( t )  =  e  −  λ  S T 1   t       for   t ≥ 0 ,   



(5)




so


   λ  S T 1   = −   l n  R  S T 1    ( t )   t  ,  



(6)




For    t = 8760     ( h )    and    R  S T 1    ( t )  = 0.999   yields the result:


   λ  S T 1   = −   l n  R  S T 1    ( t )   t  = −    ln 0   . 999    8760   = 1.142124 ⋅   10   − 7    (   1 h   )   











Knowing the reliability value    R  S T 2    ( t )   , it is possible to evaluate the transition rate from safety threat state to unreliability of safety state.



Employing exponential distribution, we obtain:


    R  S T 2    ( t )  =  e  −  λ  S T 2   t       for   t ≥ 0 ,   



(7)




so


   λ  S T 2   = −   l n  R  S T 2    ( t )   t  ,  



(8)







For   t = 8760  ( h )    and    R  S T 2    ( t )  = 0.9999   we obtain:


   λ  S T 2   = −   l n  R  S T 2    ( t )   t  = −    ln 0.9999    8760   = 1.141609 ⋅   10   − 8    (   1 h   )   











For the initial values given in example 1 and adopting Equation (4) and inverse Laplace transform, we obtain:


    R 0  = 0.99999883     Q  S T   = 0.00000115     Q U  = 1.141569 ⋅   10   − 8     











Transition rate from limited ability state to full ability state    μ  F A 1     is—as is obvious in the case of exponential distribution—the inverse of time    t  F A 1    :


   μ  F A 1   =  1   t  F A 1     ,  



(9)







Assuming that the time of restoring the full ability state    t  F A 1     is enclosed in a bounded interval    t  F A 1   ∈ ⟨ 12 ; 168 ⟩    ( h )    (that is, within days    t  F A 1   ∈ ⟨ 0.5 ; 7 ⟩    (  d a y  )   ), the probabilities of the analyzed system staying in full ability state are presented in Figure 3. The time value    t  F A 1     is defined on the basis of real power supply system observation [46,47,48]. The time depends on the service delivery, which aims to fix the system.



On the basis of the diagram in Figure 3, the rationalisation of activities connected with restoring a full ability state can be achieved (e.g., maintaining services that guarantee the system repair in a given time).



The conducted analysis of PSS in TTD allows an evaluation of the level of safety of the employed solutions in transport facilities and structures. It can also be applied to evaluate solutions considered for the purpose of modernizing PSS. These will enable an improvement of the reliability indicator values and rationalization of the exploitation process [49].




5. Quality Analysis of PSS in TTD


At the beginning of this article, it is claimed that it is not possible to fully determine the usability of the power supplies on the basis of reliability-exploitation parameters calculated using Kolmogorov–Chapman Equations. Therefore, a more refined method was suggested, which enables determining reliability indicator values of systems as presented in studies [32,33,50]. This method derives from the quality assessment of the energy supply system.



Quality assessment in this article is founded on the perceptions of quality presented in MITIQ related publications (Massachusetts Institute of Technology Information Quality Program [51]). The developed information quality model based on sixteen dimensions and about a hundred properties [51] fits quite well with the issues analyzed in this article. On the basis of the research and analysis conducted at MITIQ [51] as well as on our own study [36,50], the CQoPS model is established on seven dimensions of quality (Figure 4) [40,41]. Here is a list of these dimensions:




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



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



	
Availability (Dav)—a dimension that defines the possibility of using electricity on demand, at a given time and by an authorized process. This dimension is directly related to power security.



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



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



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



	
Assurance (Das)—a dimension that determines energy availability for the task.








The coefficient of each of the above-mentioned dimensions can be the result of modelling multiple layers into which many properties of that dimension can be positioned. This enables the creation of an open, multi-layer CQoPS dimension model. Adopted parameters related to power can be the dimension properties, e.g., for the Dpq dimension, parameters describing the quality of power can be added.



Each of the dimensions listed above affects CQoPS directly. Yet, it must be established that:




	
The value of each dimension (dimension coefficient) can range from 0 to 1.



	
The dimension not affecting CQoPS will have the value 1.



	
The dimension that significantly reduces CQoPS will have the value 0.








CQoPS can be determined using statistical methods (e.g., the probability of error Pe can be used as the dimension coefficient. Power quality = 1 − Pe) using <0.1> intervals. However, better ways for determining CQoPS are methods of estimating uncertainty, such as mathematical evidence based on Dempster–Shafer theory or certainty factor (CF) modeling [32,50] and other methods of estimating uncertainty.



In general, it can be assumed that the CQoPS measure consists of many times repeated dimensions from Figure 4. Thus, CQoPS can be described by the formula:


CQoPS = f(w1,w2,…,wm),



(10)




where:




	
m—number of dimensions, quality components (equals 7 in accordance with the number of the above-mentioned dimensions),



	
w—a variable defining the influence of a given dimension (e.g., value in the range ˂0,1>).








The above considerations lead to a conclusion that this method uses directed graphs, and the calculations of the dimension coefficients are performed using uncertainty modeling. This type of modeling is presented later in this article.



Employing the data from the previous section and data formulated in the scientific literature [52,53,54,55,56], it is possible to perform a quality analysis of PSS in TTD and reduce many dimensions of power supply continuity quality to one value [54]. The quality model was devised on the basis of a flat form model like in the studies about information quality modeling [40]. The continuity quality of power supply (CQoPS) developed in that way evaluating the model was based on the observation of factors influencing power supply continuity [36]. This type of modeling was previously presented by the co-first authors [41], with the difference that reliability was not considered there as one of the dimensions. Taking reliability into account as one of the dimensions enables a relatively simple comparison of the proposed method of assessing power supply systems with the methods used so far. It also clearly displays how the CQoPS-based method is more accurate than the reliability-based method currently in use.



There are two independent groups of factors influencing power supply continuity:




	
Factors connected with the main source of supply. In this case, the source could be the power installation. This group of factors will include main power supply reliability [57], power availability (whether sufficient power is provided), and service errors. Factors connected with source of supply will influence the value of intermediate hypothesis h1.



	
Factors connected with a standby source of supply. In this case, the source could be a local power-generating unit. This group of factors will include standby power supply reliability [4,32], power availability (whether sufficient power is provided), and service errors of the local power-generating unit. Factors connected with standby power supply will influence the value of intermediate hypothesis h2.








Where h = CQoPS stands for the final hypothesis, the transport power supply system in transport telematics devices works well. CQoPS is the quality assessment subjective indicator of power supply, because the target hypothesis h indicates the power supply’s existence but does not state which source is active. Hypothesis h consists of dependent intermediate hypotheses (Figure 5):




	
h1—Main source of supply provides electrical power (on the basis of observation e1),



	
h2—Standby source of supply provides power (on the basis of observation e2).








Each of the intermediate hypotheses formulated on the basis of observation results from observing factors in every particular category. The number of observations was limited to three, which is enough to describe the method.



The intermediate hypothesis h1 formulated on the basis of observation e1 consists of the following independent observations:




	
e1.1—main supply system functions correctly,



	
e1.2—failure of external supply system,



	
e1.3—lack of external power.








The intermediate hypothesis h2 formulated on the basis of observation e2 consists of the following independent observations:




	
e2.1—standby power supply system functions correctly,



	
e2.2—power shortage from standby source (e.g., poorly designed supply network),



	
e2.3—power shortage from standby source (e.g., poorly designed supply network).








All above-mentioned observations regard a system with a redundant power supply source.



Figure 6 demonstrates a graph of a model for intermediate hypothesis h1. Graph of the intermediate hypotheses h2 would look analogously. It is assumed that the value of the definite factor h will be the indicator of the continuity quality of power supply CQoPS.




6. Uncertainty Modeling


Methods of evaluating uncertainty can be applied to determine CQoPS. The model described in the previous section requires calculation of factors in an independent system. The method based on the theory of evaluating uncertainty using mathematical evidence DS (Dempster and Shafer theory) suits this purpose best. Modeling based on DS method is the topic of the next two sections.



Uncertainty modeling on the basis of mathematical evidence



One of the methods applied to model uncertainty based on the mathematical theory of evidence was used to determine the CQoPS value. This method enables the aggregation of independent information obtained from various sources [8,16,34,35]. The formulas presented below describe this method [34,35]:


   m 3   ( C )  =    ∑   A i  ∩  B j  = C    m 1   (   A i   )   m 2   (   B j   )    1 −  ∑   A i  ∩  B j  = O    m 1   (   A i   )   m 2   (   B j   )     



(11)




where the following stand for:




	
A, B, and C—are the sources of observation which represent the subset of Θ set,



	
m1im2—sets of masses,



	
m3—a new set of mass.








This synthesis is called Dempster’s rule of combination [34]. Basic belief assignment BBA is formed in the following way [34,35]:


   m :  2 Θ  →  [  0 , 1  ]     m  [ ∅ ]  = 0      ∑   A ⊆ Θ   m  ( A )  = 1   



(12)







Belief denoted in brief by Bel ∈ [0, 1] measures the strength of acquired observations supporting the belief in the authenticity of the examined set of hypotheses [34,35].


  B e l  ( A )  =   ∑   B ⊆ A   m  ( B )   



(13)







Plausibility denoted in brief by Pl ∈ [0, 1] determines how much the belief in the authenticity A is limited by supporting evidence ¬A [34,35].


   P l  ( A )  =   ∑   B ∩ A ≠ 0   m  ( B )     P l  ( A )  = 1 − B e l  (  ¬ A  )    



(14)







The combination rule affects the belief function and can be presented in the following way [34,35]:


  B e l 1 ⊕ B e l 2  ( A )  =   ∑   B ⊆ A    m 1  ⊕  m 2   ( A )   



(15)







This leads to an assumption that Bel value will be the value of CQoPS.




7. Applying Mathematical Evidence in Evaluating CQoPS Modeling


Modeling described in Section 5 and Section 6 was applied to evaluate CQoPS. Observation factor values for all intermediate hypotheses are specified in Table 1, Table 2, Table 3, Table 4 and Table 5. These values, except values e1.1 and e2.1, prepared by the authors [53,54] are exemplary and are used to demonstrate the potential of the presented in this article methods. Values e1.1 and e2.1 are assigned, respectively: basic power supply free from damage:    R   Z B 1     ( t )  = 0.999   and auxiliary supply free from damage:    R   Z B 2     ( t )  = 0.9999  , as in the given example in Section 4.



Table 3, Table 4 and Table 5 display observation analysis to calculate Bel (e1.1) as an example for both intermediate hypotheses h1 and h2.


Θ = {e1.1,e1.2,e1.3}; m1 (Θ) = 1



(16)







Above is an example of observation analysis for one of the intermediate hypotheses, namely for the intermediate hypothesis h1. For the latter intermediate hypothesis, the analysis will be the same, yet the parameters will be taken from Table 2. Having calculated intermediate hypothesis factors, we obtain: h1 = 0.84, h2 = 0.86. Having established Bel for both intermediate hypotheses, it is possible to determine CQoPS using the same method. Because we are checking credibility of h (the PSS in TTD functions correctly), we substitute h1 and h2, respectively, with h1` = 1 − h1 = 0.16 and h2` = 1 − h2 = 0.14. The result is h` (h = 1 − h`).


Θh = {h1`, h2`}; m1 (Θh`) = 1



(17)







Table 6 and Table 7 display the analysis of intermediate hypotheses, respectively h1` and h2`.



Having calculated factors of both intermediate hypotheses and final hypothesis we obtain:


CQoPS = h = 1 − h` = 0.8869.












8. CQoPS Simulation and its Results


Simulation of determining h` (CQoPS = h = 1 − h`) was conducted in order to determine the dependency between initial parameters and the results. Simulation was run for the observation values from Table 1 and Table 2 as average values of normal distributions. The standard deviation was determined at 10% average value. The purpose of carrying out this simulation was to test the exchanges of the final value h = 1 − h` depending on the observation factors. Simulation software was specifically written for the sake of this article (This software was created by Marek Stawowy, one of the authors of this article. The software, under the name CFDS, enables calculations for uncertainty models applying CF method (certainty factor hypothesis) and DS (mathematical evidence).



Figure 7 illustrates the final hypothesis h and intermediate hypotheses h1 and h2. This figure shows that the final hypothesis h assumes higher values than intermediate hypotheses h1 and h2. This proves that the influence of redundancy (Figure 1) on the CQoPS coefficient has been correctly taken into account.



Figure 8 shows the dependencies of h hypothesis values in change of observations e1.1 and e1.2 values function. The analysis of these figures leads to an assumption that it is possible to determine the quality factor of CQoPS when adopting the presented method. The change of observation factors lead to the change of intermediate hypotheses and final hypotheses. Observation e1.1 has a positive influence on the change of the final hypothesis, whereas observation e1.2 has a negative influence on the change of the final hypothesis. These results confirm the logical correctness of the proposed method, because it is the observation of e1.1 that indicates the correct operation of the PSS, and the observation of e1.2 indicates the failure of the PSS.




9. Conclusions


In the article, the authors analyzed the reliability and exploitation of power supply systems (PPSs) that are used, among others, in transport telematics systems (TTSs). It was assumed that the PSS consists of a primary source and a backup source. When analyzing the functioning of the examined system, it was possible to describe it with the Kolmogorov–Chapman Equations. Using a specific mathematical apparatus, the dependencies determining the probability of the considered PSS staying in the assumed functional states (full ability, safety threat ability and unreliability) were defined in symbolic terms. Further considerations made it possible to determine the dependence of the probability of the PSS remaining in the full ability state RO in the time function of restoring the state tPZ1.



This article provides the determination of the indicator value of the continuity quality of power supply (CQoPS) (as in [41] with the difference that the modeling uses the mathematical evidence method and takes into account reliability as a dimension in the basic model). This indicator allows the demonstration of CQoPS dependency on many quality dimensions, not just reliability. An example demonstrates the calculation of CQoPS factor for both the main and the standby power supply, employing three observations, each influencing the quality. The same reliability factors as in the method of determining the probability dependence of PSS in TTD staying in full ability state SFA were employed. The CQoPS indicator value is lower, because when determining the quality factor, different criteria were applied, not only the reliability-exploitation ones.



The presented considerations in the field of quality and reliability-exploitation modeling of PSS can be applied as well in other public utility facilities (including those classified as critical infrastructure [58]). The character of functions performed by critical infrastructure facilities demands operating continuity of these systems on an appropriate level.



The authors plan to do further research in this field by considering the influence of the costs of restoring full ability state on the probability of the PPS staying in the given states.
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Figure 1. An example of a PSS in TTD from a main source and a redundant one. 
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Figure 2. Relations in a PSS in TTD. 
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Figure 3. The probability dependence of PSS in TTD staying in full ability state SFA in the time function of restoring full ability state tFA1. 
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Figure 4. CQoPS components (own elaboration on the basis of [41]). 
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Figure 5. Model for hypothesis h. 
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Figure 6. Model for intermediate hypothesis h1. 
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Figure 7. Simulation results of hypothesis h and intermediate hypotheses h1 and h2 (operation result of the software written by one of the authors of the article). 
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Figure 8. The result of final hypothesis simulation in observation function (operation result of the software written by one of the authors of the article). 
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Table 1. Assignment of particular values for observing h1 (prepared by the authors).
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	Observation
	Value





	e1.1
	0.999



	e1.2
	0.1



	e1.3
	0.02
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Table 2. Assignment of particular values for observing h2 (prepared by the authors).
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	Observation
	Value





	e2.1
	0.9999



	e2.2
	0.08



	e2.3
	0.03
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Table 3. Observation e1.1.
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	m2 ({e1.1}) = 0.999

m2 (Θ) = 0.001
	m2 ({e1.1})
	m2 (Θ)





	m1 (Θ)
	m3 ({e1.1})
	m3 (Θ)
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Table 4. Observation e1.2.
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	m4 ({e1.2}) = 0.1

m4 (Θ) = 0.9
	m4 ({e1.2})
	m4 (Θ)





	m3 ({e1.1})
	m5 ({Ø})
	m5 ({e1.1})



	m3 (Θ)
	m5 ({e1.2})
	m5 (Θ)










[image: Table] 





Table 5. Observation e1.3.
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	m6 ({e1.3}) = 0.02

m6 (Θ) = 0.98
	m6 ({e1.3})
	m6 (Θ)





	m5 ({Ø})
	m7 ({Ø})
	m7 ({Ø})



	m5 ({e1.2})
	m7 ({e1.2})
	m7 ({e1.2})



	m5 ({e1.1})
	m7 ({Ø})
	m7 ({e1.1})



	m5 (Θ)
	m7 ({e1.3})
	m7 (Θ)
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Table 6. Intermediate hypothesis h1`.
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	m2 ({h1`}) = 0.16

m2 (Θh`) = 0.84
	m2 ({h1`})
	m2 (Θh`)





	m1 (Θh`)
	m3 ({h1`})
	m3 (Θh`)
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Table 7. Intermediate hypothesis h2`.
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	m4 ({h2`}) = 0.14

m4 (Θh`) = 0.86
	m4 ({h2`})
	m4 (Θh`)





	m3 ({h1`})
	m5 ({Øh`})
	m5 ({h1`})



	m3 (Θh`)
	m5 ({h2`})
	m5 (Θh`)
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