
 

 

  1 

 

 

PROJECT DOCUMENT.  

RAMS ANALYSIS: ELECTRICAL SYSTEM FOR THE BUS 
RECHARGING STATION - H16 LINE IN BARCELONA 

 

 
Document ellaborated By: 

 

EVIM 3 MOVILITY SERVICES, 
A.I.E. (IM3 – EVECTRA) 

 
SIM Research Group 

Shool of Engineering. AICIA 

 

 
                                        EVIM 3 MOBILITY SERVICES, A.I.E 

 

 

 

 

 

may 31ST, 2018  



 

Electrical system for the bus recharging station - H16 line in Barcelona 

 

2 

 

Contenido 
CHAPTER I: PURPOSE OF THE STUDY AND THEORETICAL BASIS FOR THE RAM 

ANALYSIS ...................................................................................................................... 3 

1. INTRODUCTION AND OBJECTIVES OF THE PROJECT ...................................................... 4 

2 CONCEPTS TO RAMS ANALYSIS ....................................................................................... 4 

3. FORMULATION FOR COMPLEX SYSTEMS ....................................................................... 7 

3.1 Connecting subsystems in series ............................................................................... 7 

3.2 Connecting subsystems in parallel ............................................................................ 8 

3.3 Case of n identical parallel subsystems .................................................................... 9 

4. BIBLIOGRAPHY .............................................................................................................. 12 

CHAPTER II: CALCULATION UNCERTAINTY ....................................................................... 13 

1. UNCERTAINTY IN THE CALCULATION OF SERVICE AVAILABILITY............................. 14 

2. OBJETIVES OF THE UNCERTAINTY ANALYSIS IN THE MODELLING. .......................... 15 

3. SENSITIVITY ANALYSIS TO ASSESS UNCERTAINTY. ................................................... 16 

4. BIBLIOGRAPHY ........................................................................................................... 16 

CHAPTER III: IMPLEMENTATION AT THE BUS STATION H16 LINE, BARCELONA ............ 17 

1. INTRODUCCIÓN ............................................................................................................. 18 

2. MODEL CHARACTERISTICS ............................................................................................ 22 

3. AVAILABILITY CALCULATION FOR THE ELECTRICAL SYSTEM ....................................... 23 

CHAPTER IV: ADAPTATION OF RAMS TASK FROM UNE-EN 50126-1 TO THE LINE H-16 26 

1. INTRODUCTION ............................................................................................................. 27 

2 CONCEPT PHASE ............................................................................................................. 27 

2.1 Review previously achieved RAMS performance ................................................... 27 

2.2 RAM implications and review to safety policies and targets ................................. 28 

3 SYSTEM DEFINITION AND APPLICATION CONDITIONS ................................................. 29 

3.1 Establish RAMS policies ........................................................................................... 29 

3.2 Long term RAMS influence of existing infrastructure constraints ......................... 31 

4 RISK ASSESSMENTS ........................................................................................................ 33 

5 SYSTEM REQUIREMENTS ............................................................................................... 35 

6 APPORTIONMENTS OF SYSTEM REQUIREMENTS ......................................................... 37 

7 DESIGN AND IMPLEMENTATION ................................................................................... 38 

CHAPTER V: CONCLUSIONS TO THE ANALYSIS AT H16 LINE IN BARCELONA ................. 41 

1. OVERVIEW ..................................................................................................................... 42 

2. RESULTS, FINDINGS AND FUTURE ADVANTAGES OF THE ANALYSIS .......................... 43 
 

  



 

Electrical system for the bus recharging station - H16 line in Barcelona 

 

3 

 

 

 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

CHAPTER I: PURPOSE OF THE STUDY AND 
THEORETICAL BASIS FOR THE RAM ANALYSIS 

  



 

Electrical system for the bus recharging station - H16 line in Barcelona 

 

4 

 

 

1. INTRODUCTION AND OBJECTIVES OF THE PROJECT 

 

This report is requested by Montecarmelo 44 S.L. (CIF: B91483552), interested in 

analyzing the reliability and availability of the electrical system for the bus recharging 

station - H16 line in Barcelona. 

 

As objective, this report aims to calculate the service reliability and availability in the 

provided electrical system 

Furthermore, this report includes as additional targets: 

o A sensitivity analysis to the availability of services referred to changes in 

the reliability of components of the electrical system. 

o Review of the physical stock structure in the recharging station, 

regarding the items included in the scope of the contract. 

o Calculation model in Excel. 

 

This report is structured as follows: This first introductory chapter lists in the first 

section the general objectives of the document, while sections 2 and 3 present an 

introduction to RAMS analysis and the background to consider in the development of a 

report of this type.  It presents therefore theoretical considerations underlying the 

calculations performed later. Next, a second chapter describes the uncertainty in the 

analysis and calculation of the availability in order to go directly to a third chapter 

where the functional scenario is developed. Finally, the fourth chapter shows the 

calculations and results, indicating conclusions and future applications and utilization.  

 

 

2 CONCEPTS TO RAMS ANALYSIS 

 

RAMS analysis is referred to the study of reliability, availability, maintainability and 

safety of a given system for given operating conditions. 

 The above concepts are often expressed in terms of probability and for their 

measure it is taken into account the causes, mechanisms (cause and effect) and the 

failure modes of the element under analysis.  Examples of variables that are used in 

this study are the following ones: 

– Failure Rate:   λ 

– Mean Time Between Failure: MTBF 

– Availability:   A 

– Unavailability:   UA 

– Mean Down Time:   MDT 
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Next, a more precise description of these variables is presented.  

 

When a failure occurs in a repairable system it stops performing the functions for 
which it has been required until the fault is repaired.  Thus a new concept, availability, 
is defined as the probability that a system performs its required functions during a 
period of time, as long as it is operated and maintained in accordance with established 
procedures.  
 The availability at a time t is represented by A (t) and its calculation is more practical 

determining its complement: the unavailability U (t). It is defined as the probability of 

an equipment failure and, at the same time, no further repair is performed within; i.e.:  

 

𝑈(𝑡) = ∫ 𝑓(𝑡) ∙ [1 − 𝑀(𝑡)]𝑑𝑡 =
𝑡

0
∫ 𝜆(𝑡) ∙ [1 − 𝑀(𝑡)]𝑑𝑡

𝑡

0
     

Thus:  

A(t)=1−U(t)     

 

If failure rates and repair are constant, the above equation can be easily solved, 

leading to the result:  

𝐴(𝑡) =
𝜆

𝜆 + 𝜇
[
𝜇

𝜆
+ 𝑒−(𝜆+𝜇)𝑡]      

 

Whereby, at the initial time (t = 0), the availability is maximal (A = 1) and decreases 

progressively with increasing time t; for sufficiently large values of t (t = ∞), the 

availability reaches an asymptotic value given by:  

 

𝐴(∞) =
𝜇

𝜆+𝜇
=

𝑀𝑇𝐵𝐹

𝑀𝑇𝐵𝐹+𝑀𝑇𝑇𝑅
     

 

This is the best known availability expression. 

In industrial practice, it is usual to replace MTBF and MTTR, using the following 

expression to calculate the availability:  

𝐴(∞) =
𝑀𝑇𝐵𝐹

𝑀𝑇𝐵𝐹 + 𝑀𝑇𝑇𝑅
=

𝑡𝐹

𝑛
𝑡𝐹

𝑛 +
𝑡𝑃

𝑛

=
𝑡𝐹

𝑡𝐹 + 𝑡𝑃
=

𝑡𝑇 − 𝑡𝑃

𝑡𝑇
 

 

Where: 𝑡𝐹 is the uptime, 𝑡𝑃 is the downtime and  𝑡𝑇 is the total time (=𝑡𝐹+𝑡𝑃).  

In the above equations we have only taken into account repair times, which is strictly 

correct only when preventive maintenance is performed in periods when the system is 

down for holidays, weekends, off-peak, nighttime hours or part of a redundant system; 

if, however, the preventive maintenance is performed on the operating business 

hours, it should then be included in the calculation of availability.  This new value is 

called technical availability and is calculated as follows:  

 

𝐴𝑇𝐸𝐶 =
𝑀𝑇𝐵𝑀

𝑀𝑇𝐵𝑀+𝑀𝐴𝑀𝑇
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Where: MTBM mean time between preventive maintenance actions (𝑀𝑇𝐵𝑀𝑃=MTMP) 

and corrective (𝑀𝑇𝐵𝑀𝐶=MTTF) and MAMT is the mean time active maintenance, i.e., 

the average time spent on preventive maintenance actions (𝑀𝑇𝑇𝑀𝑃) and corrective 

(𝑀𝑇𝑇𝑀𝐶=MTTR) and can be calculated by the following expressions:  

 
1

𝑀𝑇𝐵𝑀
=

1

𝑀𝑇𝑀𝑃
+

1

𝑀𝑇𝑇𝐹
         

1

𝑀𝐴𝑀𝑇
=

1

𝑀𝑇𝑇𝑀𝑃
+

1

𝑀𝑇𝑇𝑅
       

 

Finally, taking into account administrative delays or due to lack of spare parts or 

personnel to initiate and continue the maintenance activity, the new value is called 

operational availability:  

𝐴𝑂𝑃 =
𝑀𝑇𝐵𝑀

𝑀𝑇𝐵𝑀+𝑀𝐷𝑇
      

 

Where MDT is the real mean down time. 

 

In complex systems, availability will depend on the availability of equipment that forms 
it, also agreed with the basic series and parallel configurations.  
 A system in series will be operational only when all components that form it are 

operational, therefore:  

𝐴𝑠 = ∏ 𝐴𝑖𝑖    

 
Here, as in reliability, system availability is less than the component having the lowest 
availability.  
 

 A parallel system will not be operational and therefore not available, when all 

components that form are unavailable simultaneously; ie:  

 

𝑈𝑠 = ∏ 𝑈𝑖𝑖       

 

Thus:  

𝐴𝑠 = 1 − 𝑈𝑠 = 1 − ∏ 𝑈𝑖𝑖     

 
Therefore, 𝐴𝑠 will always be higher than the availability of any of the components 
forming the system. 
 

 The concept of parallel system can be applied not only to calculate the availability of 

complex equipment depending on the availability of each of its components, but on 

one or more systems can also be applied to ensure the availability of a function when 

function is executed independently, which is highly useful for determining the number 

of components that should be installed.  
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3. FORMULATION FOR COMPLEX SYSTEMS 

 

Next, we will obtain the variables referred to RAMS regarding two subsystems 

arranged in series or in parallel, and in the case of a system consisting of "n" identical 

subsystems in parallel where the system is deemed to fail if "m" or more subsystems 

fail (case "m_out_of_n").  For these cases the characteristics deducted are those ones 

mentioned in the introduction: Failure Rate, Mean Time Between Failure, Availability 

and Unavailability, and System Mean Down Time. 

 

3.1 Connecting subsystems in series 

 

This section describes a system of two non-identical subsystems arranged in series 

(Figure 1). 

 

 
Figure 1. Connecting subsystems in series 

 

– System Failure Rate 

 

Considering only one subsystem, the failure rate is λ1.  The failure probability in dt is 

λ1 dt.  When two subsystems are in series, the probability of failure in dt will be then 

(λ1 dt + λ2 dt).  The ratio of system failure is therefore (λ1 + λ2).  

λseries =  λ1 + λ2 

The reliability function (assuming an exponential distribution) will be:  

 R(t)=exp[-(λ1 + λ2)t]. 

– Mean Time Between Failure 

 

From the exponential form of the reliability function, it follows that:  

 MTBFseries=1/(λ1 + λ2 )= 
21

21

MTBFMTBF

MTBFMTBF




 

– System Availability and Unavailability 
 

For the system to be available, each subsystem must be available.: 
    

21 AAAseries   

On the contrary, the unavailability will be: 

212121 )1()1(11 UAUAUAUAUAUAAUA seriesseries   

– Mean Down Time 
 

Two subsystems are both serviceable, one with MDT1 and the other with MDT2 

What would be the Downtime for the two subsystems in series?  At any point in time, 

the system will be in one of the following 4 states:  

 

1 21 2
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o Both subsystems work. 
o The subsystem #1 does not work, but #2 does.  
o The subsystem #2 does not work, but the #1 does.  
o Neither subsystems work 

 

The last three cases are responsible for the entire system to be inoperable.  

Whereas an inactive system, the probability that it is due to a failure in the subsystem 

#1 will be: )/(( 211    Since the subsystem No. 1 need a MDT1 to be repaired, 

the Mean Down Time associated with this subsystem will be: 
1211 *)/(( MDT  . A 

similar expression will be applied to the case of subsystem #2.  Synthesizing the 

complete system it is obtained: 

 

21

1221

MTBFMTBF

MDTMTBFMDTMTBF
MDTseries




  

 

3.2 Connecting subsystems in parallel 

 

This section describes a system of two non-identical subsystems arranged in parallel 

(Figure 2).  Here the two subsystems are repairable, with downtime MDT1 y MDT2. 

 

 
Figure 2. Connecting subsystems in parallel 

 

– Failure Rate 
 

If only the system were comprised by subsystem #1, the ratio of complete system 

failure would be λ1 and the probability of failure would be λ1dt.  Adding subsystem #2 

in parallel, the probability of system failure in dt will be λ1dt reduced by the probability 

that subsystem #2 is in failure mode.  The probability of finding subsystem #2 at a 

failure mode is given by:  

22

2

MDTMTBF

MDT


 

 

Assuming
22 MTBFMDT  , and using 

22 /1 MTBF , the failure rate reduced for 

subsystem #1 is given by: 
221 MDT . Similarly, the failure rate reduced for 

subsystem #2 will be: 
121 MDT  . Therefore: 

1

2

1

2



 

Electrical system for the bus recharging station - H16 line in Barcelona 

 

9 

 

)( 2121 MDTMDTparallel    

 

– Mean Time Between Failure 

 

Considering the approach that the inverse of the failure rate is MTBF (true for the 

exponential distribution) is obtained: 

MTBFparallel=1/λparallel=
21

21

MDTMDT

MTBFMTBF




 

 

It is observed that, if subsystems are not repairable, then the MTBF for the case in 

parallel is the sum of the individual MTBFs. 

 

– System Availability and Unavailability 
 

For the system becomes available, any of the subsystems should be available. 

Therefore, Aparallel = A1 + A2 - A3 · A4. On the contrary, the unavailability will be: 

 21212121 )1()1()(11 UAUAAAAAAAAUA parallelparallel     (1) 

 

– Mean Down Time 
 

From the definition of: 

MTBF

MDT

MDTMTBF

MDT
lityUnavailabi 


  

 

MDT may be obtained for the case in parallel, using the expression above. 

21

21

MDTMDT

MTBFMTBF

MDT

MTBF

MDT
UA

parallel

parallel

parallel

parallel




 ;  

2

2

1

1
21

MTBF

MDT

MTBF

MDT
UAUA   

Consequently: 

21

21

MDTMDT

MDTMDT
MDTparallel




  

 

3.3 Case of n identical parallel subsystems 

 

It is a system consisting of n identical subsystems, where the system is considered 

to fail if m or more subsystems fail (Figure 3).  In this case, the formulas for the ratio of 

failure, MTBF, availability and downtime for the whole system will be as given below. 

 

 

 

 

 

 



 

Electrical system for the bus recharging station - H16 line in Barcelona 

 

10 

 

 
Figure 3. Case n identical parallel subsystems 

 

– Failure Rate 
 

If the system consists only of the subsystem #1, then the failure rate is λ, and the 

probability of failure in dt is λdt.  In order to have a system failure, we need to have 

other (m-1) subsystems in failure mode. The option to be any of the subsystems in 

failure mode is given by MDT / (MTBF + MDT), or (MDT / MTBF), assuming MDT << 

MTBF.  To find (m-1) subsystems in failure mode, the probability is: 
1)/( mMTBFMDT  .  

There will be 
11  mn C   paths for the group (m-1) out of (n-1) subsystems.  In addition, 

one can select any subsystem to be the #1 subsystem analysis.  All together we obtain: 

 

1
11

1
___

)!1()!(

!
)( 


 


 mm

mn
m

nofoutm MDT
mmn

n
nC

MTBF

MDT
    (2) 

 

 

This is the failure rate exactly for m subsystems failed.  The failure ratio for a higher 

number of subsystems that m is reduced by a factor of ( )MDT  .  For a consistent 

check, we will consider n = m = 2.  This corresponds to two identical subsystems in 

parallel.  When m = 2 subsystems fail, the entire system fails.  The expression (2) for 

this case is: )2(2 MDTsystem    , which is consistent with the formula of the previous 

section for two subsystems connected in parallel. 

 

– Mean Time Between Failure 
 

Considering the approach that the inverse of the failure rate is MBTF (true, as 

previously mentioned, for an exponential distribution) it is obtained: 

MTBFm_out_of_n=1/λm_out_of_n=
1

)!1()!(

! 


m

m

MDT
mmn

n

MTBF
 

1

2

m

n

...

...

1

2

m

n

...

...
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– Availability and Unavailability 
 

For the system to be available, at least (n-m +1) subsystems must be available. 

Therefore: 








n

mni

ini
nofoutm AA

iin

n
A

1
___ )1(

!)!(

!
 

 

Using the following equation:  








n

i

inin AA
iin

n
AA

0

)1(
!)!(

!
)]1([1  

 

Availability can be rewritten as:  

m
mn

i

ini
nofoutm A

mnm

n
AA

iin

n
A )1(

)!(!

!
1)1(

!)!(

!
1

0
___ 





 






 

 

And the unavailability will be given by (again, for MDT << MTBF):  

m
nofoutm UA

mnm

n
UA

)!(!

!
___


  

 

– Mean Down Time 
 

From the definition of: 

nofoutm

nofoutm

nofoutm
MTBF

MDT
UA

___

___

___   

 

MDT is obtained for the case of "m_out_of_n" by application of the previous 

sections to UA m_out_of_n m_out_of_n and MTBF.  Accordingly: 

m

MDT
MDT nofoutm ___
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Two subsystems in Serie 

( is the failure rate) 
Two subsystems in parallel 

System Failure 
Rate 

 

series =  1 + 2 

 

)( 2121 MDTMDTparallel  

 

System MTBF 

 

MTBFseries=
21

21

MTBFMTBF

MTBFMTBF




 

 

MTBFparallel=
21

21

MDTMDT

MTBFMTBF




 

System 
Availability (A) 

 

21 AAAseries   

 

2121 AAAAAparallel   

 

System 
Unavailability 

(UA) 

 
2121 UAUAUAUAUAseries 

 

 

21 UAUAUAparallel   

System Mean 
Down Time 

(MDT) 

 
MDTseries= 

21

1221

MTBFMTBF

MDTMTBFMDTMTBF





 

 

21

21

MDTMDT

MDTMDT
MDTparallel




  

 

Table 1. Summary of formulas 
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1. UNCERTAINTY IN THE CALCULATION OF SERVICE AVAILABILITY.  

 

The quantitative assessment of uncertainty in the calculation of the availability of 

facilities like the H16 line in Barcelona (Figure 4) involves the following elements: 

 

 
 

Figure 4. Items involved in the uncertainty evaluation of H16 Line 

 

o Model representing physical system behavior (electrical system and 

equipment related to bus recharging system).   

 

The operation model for recharging services offered by H16 Line has a certain 

degree of uncertainty in its design, which decreases as a detailed knowledge of 

the physical system is acquired. This model, using equations reflected in 

previous sections, is a deterministic model for a complex system in order to 

calculate availability (as output variable) of probabilistic nature.  

  

o Uncertainty in the input variables of the model. 

 

Sometimes it is not possible to obtain sufficient contrasted information on 

failure rates and repair of equipment considered in the analysis.  In this case, 

this problem is solved using mainly the data base from IEEE for electrical 

components. 

 

o Uncertainty in the output variable 

 

The availability evaluation for recharging service considers modeling the 

uncertainty in the output variable of study, for the specific mode in which the 

station operates.  

 

With the above considerations, the study of uncertainty is designed for availability of 

recharging services within defined risk limits values. 

The values obtained for the availability of this service will support the subsequent 

decision making process of Montecarmelo 44 S.L. 

 

Uncertainty at 
input variables  

_____________________ 

Randomness in failure 
rates and equipment 

repair time; 

 
Uncertainty at 

output 
variables 

__________________ 
 

Availability of 
Recharging Service 

Uncertainty at the 
physical system model 

____________________ 

Station equipment, used 
installations, etc. 
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2. OBJETIVES OF THE UNCERTAINTY ANALYSIS IN THE MODELLING. 

 

In general terms, the objectives of any quantitative assessment of uncertainty (as the 

present one), are usually found within one of the following categories: 

  

o To understand the impact of uncertainty in specific input values over the 

measurements performed on the system -. Category U (Understanding) -  

o To demonstrate the likelihood of system compliance with explicit criteria or 

specific threshold (availability, for example) -. Category C (Compliance) -  

o To prove a measure method of acceptable quality level for the system use -. 

Category P (Prove) -  

o To compare the relative performance of operational policies on the system, 

optimizing it, (e.g. maintenance or equipment replacement policies in a system) 

-. Category S (Select) - 

 

Normally, there are several of the above objectives in this kind of analysis, or a 

combination of them. It is also common to appear new targets during the subsequent 

process of decision making.  

 

 For this analysis at H16 Line, note that the output variable is the availability of 

equipment for bus recharging. The initial idea with which the model is formulated is to 

find the distribution function of this random variable output for this type of service.  

Furthermore, to analyze the sensitivity of the availability regarding the variability of 

different model inputs (we are therefore in a study of category U). Subsequently, the 

organization could consider to know the probability that this availability exceeds a 

certain threshold for a specified period, or the probability that the particular service is 

performed without any incident during a given time interval. There may be thresholds 

(maximum or minimum acceptable values) to specify the process of decision making, 

generating explicit decision criteria (In our case, for example, there may be minimum 

probabilities to get a particular service availability of recharging for a certain period of 

time, that could affect the subsequent process of decision-making). 

 

However, as it happens in this study of H16 Line, it may also be the case where no 

specific threshold or explicit requirement for the availability of services is made or 

known. This circumstance is usual to occur when system technology or degree of 

knowledge are relatively recent in a particular field.  

 

In any case, we need to generate a "measure of uncertainty" in the availability, where 

the evaluation is later supported, in order to deliver results that can then be further 

discussed in the decision-making process and, iteratively, can feed back the decision 

process. 
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In mathematical terms, the degree of uncertainty is translated as a probability 

distribution function that represents the uncertainty in the availability of the service 

considered as bus recharging at H16 Line. 

It has taken into account the maximum amount of information in order to build a 

successful model.  That is, a model that adequately represent the extent of uncertainty 

in model inputs. This information includes: 

 

o Direct observations of uncertain input data, potentially treated to estimate the 

corresponding statistical models (e.g., approaches made in IEEE failure 

database);  

o The opinion of experts in this type of facility and models;  

o Physical arguments, for example, although an input is uncertain, it may have to 

stay positive or below-above a known threshold for purely physical reasons 

(assumptions on electrical rates in recharging, etc.);  

o Indirect observations, experiences in bus lines (taken into account when 

calibrating or validating the model) 

 
3. SENSITIVITY ANALYSIS TO ASSESS UNCERTAINTY. 

 

The stage of sensitivity analysis (or classification of the variation importance in the 

input variables) analyzes by computer the importance of the different uncertain input 

variables with respect to a given amount of interest in the output (availability).  For 

this model for H16 Line, sensitivity analysis provides the ability to assess the impact on 

the availability, varying the input values in the used deterministic mode, seeming the 

method suitable as a starting point.  

 

These changes eventually fall to the decision maker, which may require, for example, 

higher reliability on a given recharging system, whose specifications show that they 

can play a key role with respect to the final decision-making. 
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1. INTRODUCCIÓN 

 

The first step in any RAMS analysis is to define the boundary or battery limits of the 

system under study, in order to ensure the further understanding of the subunits and 

maintainable items included within these limits.  

 

For our case study, we used the IEEE failure data base for electrical components. In our 

case, we will consider the following parameters with the features mentioned below: 

o λijk  = Failure rate = No. failures per year  

o MTBFijk = Mean Time Between Failures = 1/ λijk (x 106 h.) 

o Aijk  = Availability = MTBFijk / (MTBFijk +MDTijk) x 100 

o UAijk = Unavailability = 1 - Aijk  

o MDTijk = Mean Down Time 

 

The following figure (Figure 5), is extracted from IEEE data base and shows the 

values that are needed for the calculation of the availability.  

For the Mean Down Time (MDT), it is noteworthy that in this analysis we have used 

the data provided by IEEE on the MTTR "Mean Time To Repair" in order to avoid 

considerations of logistics, inventory etc.  This Repair Time is therefore defined as the 

calendar time required to return the equipment to a state in which it is ready to 

operate, excluding time to stop the equipment, time spent on work orders, time 

waiting for materials and parts, start-up time after repair. 

 

 The assignment of these parameters to the list of equipment provided by 

Montecarmelo 44 S.L., of station assets is attached in an Excel file (Table 2). 

 

 
Figure 5.  Data extracted from IEEE for calculating availability 



 

 

  

   

IEEE Std 493-2007 Data Colection  

System 
Sub-

system 
Equipment Class 

Failure rate 
(Failure/ 

years) 

MTBF 
(hours/ 
failure) 

MTTR 
(hours) 

A UA 

Llacuna Sub-Station 
AMB motorized protection 
cell with automatic switch 
(primary distribution) 

Switchgear, insulated 
bus, >5 kV, all cabinets, 
ckt. bkrs. not 
included 

0,0041000 2139024 37 0,99998255 0,00001745 

Line/ Tunnel/Marisme 
Forum Station 

Line of 25 kv (3x300 mm2) 
per prism underground 
(500 m) 

Cable, belowground, 
in conduit, >600 V, 
per 1000 ft 

0,0023600 3718331 16 0,99999578 0,00000422 

Line of 25 kv (3x300 mm2) 
installation in tunnel (2300 
m) 

Cable, aboveground, 
in conduit, >600 V, 
per 1000 f 

0,0005400 16315315 9 0,99999948 0,00000052 

Transformation 
center (CT) 

CT 

Motorized line cell 
(secondary distribution) 

Switchgear, insulated 
bus, >5 kV, all cabinets, 
ckt. bkrs. not included 

0,0041000 2139024 37 0,99998255 0,00001745 

AMB motorized protection 
cell with automatic switch 
(2nd distribution) 

Switchgear, insulated 
bus, >5 kV, all cabinets, 
ckt. bkrs. not included 

0,0041000 2139024 37 0,99998255 0,00001745 

Line of 25 kv (3x300 mm2) 
Interconnection of Cell to 
Transformer (500m) 

Cable, aboveground, 
in conduit, >600 V, 
per 1000 f 

0,0005400 16315315 9 0,99999948 0,00000052 

Dry transformer 1,000 
kVA; 25 / 0.4 kV; Dyn 11 

Transformer, dry, air 
cooled, >500 kVA<= 
1500 kVA 

0,0004200 20979012 21 0,99999899 0,00000101 
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IEEE Std 493-2007 Data Colection  

System 
Sub-

system 
Equipment Class 

Failure rate 
(Failure/ 

years) 

MTBF 
(hours/ 
failure) 

MTTR 
(hours) 

A UA 

Air-conditioning system 
Compressor, 
refrigerant, >1 ton 

0,00482 1818197 4 0,99999808 0,00000192 

QGBT 

upstream protective 
switch 

Circuit breaker, 
600 V, 3-phase, fixed, 
including molded 
case, <=600 A, n.o., 
trp. ckt. inc. 

0,0001100 77665552 19 0,99999976 0,00000024 

Surge protector Fuse, 0 to 5 kV 0,0013700 6377929 4 0,99999937 0,00000063 

Magnetothermal switch 
with moldable case, 
adjustable differential 
AMB relay (IV-1600A 50kA 
D+Dt reg.) 

Circuit breaker, 600 V, 3-
phase, fixed, including 
molded case, <=600 A, 
n.o., trp. ckt. inc. 
 

0,0001100 
 

77665552 
 

19 
 

0,99999976 
 

0,00000024 
 

Bus recharging station 

Interconnection line of 400 
V (15m) 

Cable, aboveground, 
in conduit, <=600 V, per 
1000 ft 

0,0000700 12895993 8 0,99999938 0,00000062 

Rectifier Rectifiers 0,0044700 1960032 16 0,99999184 0,00000816 

DC line 
Cable, aboveground, 
in conduit, <=600 V, 
per 1000 ft 

0,0000700 12895993 8 0,99999938 0,00000062 

Support and point of 
contact of the pantograph 

Charger, battery 0,00741 1182768 1 0,99999958 0,00000042 
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IEEE Std 493-2007 Data Colection  

System 
Sub-

system 
Equipment Class 

Failure rate 
(Failure/ 

years) 

MTBF 
(hours/ 
failure) 

MTTR 
(hours) 

A UA 

Charger control box 
Control panel, generator, 
wo/switchgear 

0,0111100 788571 2 0,99999732 0,00000268 

 Table 2. Example of data in Excel format 
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Considering all the above, it has been assumed in the calculations different analysis 

in order to observe the behavior of each system in reference to its availability.  Besides 

the above commented calculations, it is possible to perform a sensitivity analysis to the 

complete system, so altering data on the components (i.e., penalizing or favoring the 

hypothetical failure rate), one can observe the different systems behavior. 

 

2. MODEL CHARACTERISTICS 

From the description of the electrical system to be analyzed, and according to the 

examples provided in Annex A of ISO / DIS 14224 standard, we can simplify the battery 

limits in the recharging station as shown in Figure 6. 

1

1st protection 
cell

2.1

25kV line 
underground

2.2

25kV line in 
tunnel

3.1

2nd motorized 
line cell

3.2

2st protection 
cell

5

25kV line

3.3

1000kV dry 
transformer

4.1

upstream 
protective 

switch
4.2

Surge protector

4.3

Differential 
thermal scwicth

6.1

400V 
interconnection 

line

6.2

Rectifier

7

DC line

8

Pantograph 
support and 

contact

9

charger 
control box

Auxiliary 
services

4.4

Reserve 
differential 

thermal scwicth

3.4

Air conditioning 
system

Critical services 
Maresme Forum 

metro station

Llacuna SS

 
 

Figure 6. Functional scheme of the Recharging  System 

 

Model inputs are the failure rates λi of each component from these subsystems as 

well as their Mean Down Time, MDTi or active repair time.  These inputs may take 

different values for each simulation.  Fixed inputs also exist, which correspond to those 

hypotheses considered constant for the performance of the simulations.  

 Furthermore, for the calculation of availability A, we will apply the formulation 

developed in Chapter I. Therefore, our model is defined by the following function: 

 

Ai = 1 – UAi = 1 - MDTi / (MTBFi + MDTi) 
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Where: 

MTBFi = 1 / λi 

 

Therefore, using as a direct source for uncertain input data, the values provided by 

IEEE, we will make two calculations:  

– With mean failure rate and MDT  

– Random values for failure rate obtained from the mean failure rate and a 

considered percentage as for standard deviation, together with the mean 

MDT. 

 

For both cases, it has been considered the opinion of experts on the system in order 

to distribute functionally the elements, following a series-parallel configuration so it 

has the most realistic and possible behavior. 

 

 The above calculations (analytical calculation using mean failure rates and random 

failure rates), are applied to the recharging service, being our variable of interest 

(system availability) will be quantified. 

 

 

3. AVAILABILITY CALCULATION FOR THE ELECTRICAL SYSTEM 

 

The recharging station follows a functional block diagram as shown in the following 

scheme (Figure 7). 

1 2.1 2.2 3.1 3.2 5 3.3

2 3

4.1 4.2

4.4

4.3

6.1 6.2 7 8 9

4

6

 
 

Figure 7. Block Diagram for recharging station – H16 Line 

 

In order to calculate the availability for this configuration, it has been taken into 

account some general considerations in the operation as well as the calculation of 

failure rate and active repair time for each of the subsystems. 

  

 Considering the mean failure rates that provide the database IEEE, the following 

results are obtained: 
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IEEE Std 493-2007 Data Colection Calculations 

Item 
No. 

System Equipment Class 
MTBF 

(hours/failure) 
MTTR 

(hours) 
Lambda 

(Failure/hours) 
A UA 

1 
Llacuna Sub-

Station 

AMB motorized 
protection cell 
with automatic 
switch (primary 

distribution) 

Switchgear, 
insulated bus, 

>5 kV, all 
cabinets, ckt. 

bkrs. Not 
included 

2,14E+06 37 4,68E-07 99,99825484200% 0,00174515800% 

2 
Line/ 

Tunnel/Marisme 
Forum Station 

    1,11E+06 12 9,03E-07 99,99891218194% 0,00108781806% 

2,1   

Line of 25 kv 
(3x300 mm2) per 

prism underground 
(500 m) 

Cable, 
belowground, in 
conduit, >600 V, 

per 1000 ft 

2,27E+06 16 4,41E-07 99,99930782045% 0,00069217955% 

2,2   

Line of 25 kv 
(3x300 mm2) 
installation in 

tunnel (2300 m) 

Cable, 
aboveground, in 
conduit, >600 V, 

per 1000 f 

2,16E+06 9 4,62E-07 99,99960435601% 0,00039564399% 

3 
Transformation 

center (CT) 
    6,12E+05 24 1,63E-06 99,99612991166% 0,00387008834% 

3A       1,07E+06 37 9,35E-07 99,99650974490% 0,00349025510% 

3,1   
Motorized line cell 

(secondary 
distribution) 

Switchgear, 
insulated bus, 

>5 kV, all 
cabinets, ckt. 

bkrs. Not 
included 

2,14E+06 37 4,68E-07 99,99825484200% 0,00174515800% 

3,2   

AMB motorized 
protection cell 
with automatic 

switch (secondary 
distribution) 

Switchgear, 
insulated bus, 

>5 kV, all 
cabinets, ckt. 

bkrs. Not 
included 

2,14E+06 37 4,68E-07 99,99825484200% 0,00174515800% 

5   

Line of 25 kv 
(3x300 mm2) 

Interconnection of 
Cell to Transformer 

(500m) 

Cable, 
aboveground, in 
conduit, >600 V, 

per 1000 f 

9,95E+06 9 1,00E-07 99,99991399017% 0,00008600983% 

3B       1,67E+06 5 5,98E-07 99,99970616307% 0,00029383693% 

3,3   
Dry transformer 

1,000 kVA; 25 / 0.4 
kV; Dyn 11 

Transformer, 
dry, air cooled, 

>500 kVA<= 
1500 kVA 

2,10E+07 21 4,77E-08 99,99989866073% 0,00010133927% 

3,4   
Air-conditioning 

system 

Compressor, 
refrigerant, >1 

ton 
1,82E+06 4 5,50E-07 99,99980750196% 0,00019249804% 

4 QGBT     5,89E+06 5 1,70E-07 99,99991324482% 0,00008675518% 

4A       5,89E+06 5 1,70E-07 99,99991324482% 0,00008675518% 

4,1   
upstream 

protective switch 

Circuit breaker, 
600 V, 3-phase, 
fixed, including 
molded case, 
<=600 A, n.o., 
trp. ckt. inc. 

7,77E+07 19 1,29E-08 99,99997596103% 0,00002403897% 

4,2   Surge protector Fuse, 0 to 5 kV 6,38E+06 4 1,57E-07 99,99993728376% 0,00006271624% 

4,3   

Magnetothermal 
switch with 

moldable case, 
adjustable 

differential AMB 
relay 

Circuit breaker, 
600 V, 3-phase, 
fixed, including 
molded case, 
<=600 A, n.o., 
trp. ckt. inc. 

7,77E+07 19 1,29E-08 99,99997596103% 0,00002403897% 

6 
Bus recharging 

station 
    1,95E+06 16 5,14E-07 99,99918064262% 0,00081935738% 

6,1   
Interconnection 

line of 400 V (15m) 

Cable, 
aboveground, in 
conduit, <=600 
V, per 1000 ft 

2,62E+08 8 3,81E-09 99,99999694911% 0,00000305089% 
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IEEE Std 493-2007 Data Colection Calculations 

Item 
No. 

System Equipment Class 
MTBF 

(hours/failure) 
MTTR 

(hours) 
Lambda 

(Failure/hours) 
A UA 

6,2   Rectifier Rectifiers 1,96E+06 16 5,10E-07 99,99918369346% 0,00081630654% 

7 DC line   

Cable, 
aboveground, in 
conduit, <=600 
V, per 1000 ft 

2,62E+08 8 3,81E-09 99,99999694911% 0,00000305089% 

8 

Support and 
point of contact 

of the 
pantograph 

  Charger, battery 1,18E+06 1 8,45E-07 99,99995772630% 0,00004227370% 

9 
Charger control 

box 
  

Control panel, 
generator, 

wo/switchgear 
7,89E+05 2 1,27E-06 99,99973242797% 0,00026757203% 

 

 

MTBF 
(hours/failure) 

MTTR 
(hours) 

Lambda 
(Failure/hours) 

A UA 

RECHARGING 
STATION 

1,72E+05 14 5,82E-06 99,99205410337% 0,00794589663% 

 

Table 3. Results for electrical system and mean failure rate 

 

On the other hand, considering the same mean time between failure rate and a 

specific percentage for standard deviation. In this function, the probability associated 

to the normal distribution is a random number between + - 10%. 

  

With these values for MTBF and performing 10000 simulations, results are obtained 

and shown in the value histogram and distribution function for availability of the bus 

recharging station with Oracle Crystal ball (figure 8): 

 
Figure 8. Histogram and distribution function for Availability in recharging service 
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CHAPTER IV: ADAPTATION OF RAMS TASK 
FROM UNE-EN 50126-1 TO THE LINE H-16 
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1. INTRODUCTION 

 

Throughout the previous chapters, the calculation of the main RAMS factors has been 

detailed. Now, this chapter will link these results to the requirements included the 

UNE-EN 50126-1 standard until the end of Phase 6 of the cycle life of the standard. 

Particularly, those related RAMS Task shown in the Figure 9 of the standard will be 

adapted to the present project on line H-16 in Barcelona. With this results,  

With the results obtained, some recommendations will be provided in order to 

improve the maintenance policies, indicating the key elements on which measures 

must be applied for future installations. 

Once analysed the results according to the data provided by the application of 

international standards values and the functional configuration of the line H-16, future 

research may be conducted to a comparison between theoretical and real results may 

be possible if real data are provided by the manufacturers of the different equipment. 

 

 

2 CONCEPT PHASE 

 

2.1 Review previously achieved RAMS performance 

 

Since the present project does not have data related to the achived RAMS 

performance of the real installation, calculations regarding the reliability behavior 

during the first year of operation can be developed from a theoretical point of view. 

For this purpose, next chart shows the reliability evolution R(t), according to the 

formula: 

 
 

Where: 

o T is the time in hours (one year is supposed to be 8760 h.) 

o MTBF is the Mean Time Between Failure obtained in some cases directly from 

the IEEE database and, in other cases, from the application on series/parallel 

formulation 

o β is Shape Parameter of the Weibull Distribution 
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Table 4. Reliability behavior along the first year of operation 

 

The value of β may be: 

o Less than 1, then the failure rate decreases with time. In the bathtube curve, it 

refers to the beginning of the curve, where failures related to infant mortality 

are supposed to happen 

o Greater than 1, then the failure rate increases with time. In the bathtube curve, 

it refers to the end of the curve, where wear failures are supposed to happen 

o When beta is equal to 1, the failure rate is constant. In the bathtube curve, it 

refers to the flat part of the curve, which is the main part of the asset life cycle. 

 

In this project, the failure rate has been considered constant in all the calculations. 

That refers to the flat part of the bathtube curve, so β = 1. 

 

2.2 RAM implications and review to safety policies and targets 

 

According to the results obtained for the first year of operation, it is possible to obtain 

a ranking from worse to better reliability behaviours. In particular, the results show the 

following order (where t=1 year): 

 

a) (Item 3) Transformation center (CT)    R(t)=0,9988 

b) (Item 9) Charger control box     R(t)=0,9991 

c) (Item 2) Line/ Tunnel/Marisme Forum Station  R(t)=0,9993 

d) (Item 8) Support and point of contact of the pantograph R(t)=0,9994 

e) (Item 6) Bus recharging station    R(t)=0,9996 

f) (Item 1) Llacuna Sub-Station     R(t)=0,9977 

RELIABILITY MATRIX - BEHAVIOUR ACC. TO WEIBULL DISTRIBUTION WITH β=1

January February March April May June July August September October November Dicember

31 28 31 30 31 30 31 31 30 31 30 31 Days

1 2 3 4 5 6 7 8 9 10 11 12 t (month)

Level Item No. MTBF (hours/failure) β System 744 1416 2160 2880 3624 4344 5088 5832 6552 7296 8016 8760 t (hours)

1 1 2,14E+06 1,00 Llacuna Sub-Station 0,9997 0,9993 0,9990 0,9987 0,9983 0,9980 0,9976 0,9973 0,9969 0,9966 0,9963 0,9959

1 2 1,11E+06 1,00
Line/ Tunnel/Marisme Forum 

Station
0,9993 0,9987 0,9981 0,9974 0,9967 0,9961 0,9954 0,9947 0,9941 0,9934 0,9928 0,9921

1 3 6,12E+05 1,00 Transformation center (CT) 0,9988 0,9977 0,9965 0,9953 0,9941 0,9929 0,9917 0,9905 0,9894 0,9882 0,9870 0,9858

1 4 5,48E+06 1,00 QGBT 0,9999 0,9997 0,9996 0,9995 0,9993 0,9992 0,9991 0,9989 0,9988 0,9987 0,9985 0,9984

1 6 1,95E+06 1,00 Bus recharging station 0,9996 0,9993 0,9989 0,9985 0,9981 0,9978 0,9974 0,9970 0,9966 0,9963 0,9959 0,9955

1 7 2,62E+08 1,00 DC line 1,0000 1,0000 1,0000 1,0000 1,0000 1,0000 1,0000 1,0000 1,0000 1,0000 1,0000 1,0000

1 8 1,18E+06 1,00
Support and point of contact 

of the pantograph
0,9994 0,9988 0,9982 0,9976 0,9969 0,9963 0,9957 0,9951 0,9945 0,9939 0,9932 0,9926

1 9 7,89E+05 1,00 Charger control box 0,9991 0,9982 0,9973 0,9964 0,9954 0,9945 0,9936 0,9926 0,9917 0,9908 0,9899 0,9890

1,72E+05 1,00 RECHARGING STATION 0,9957 0,9918 0,9875 0,9834 0,9791 0,9750 0,9708 0,9666 0,9626 0,9584 0,9544 0,9503
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g) (Item 4) QGBT       R(t)=0,9999 

h) (Item 7) DC line       R(t)=1,0000 

 

In reference to the above mentioned results, the system with less reliability is the 

Transformation Center (CT). Therefore, as safety policies, it is recommended the 

acquirement of spare parts for the corresponding maintainable items as well as 

considering basic maintenance tasks and safety measures for electrical systems: 

 

o Check properly on ground all the electric installation.   

o Check electrical fluid cut-off systems with the disassembled protections of the 

equipment.  

o Check installation protections: cables, switches…  

o Check and keep the electrical installations isolated and protected.  

o Etc.  

 

 

3 SYSTEM DEFINITION AND APPLICATION CONDITIONS 

 

3.1 Establish RAMS policies 

 

As commented before, the present project is not able to evaluate past experiences 

regarding RAMS behavior. Nevertheless, it has been possible to observe in the 

previous section the installation behavior throughout the firs year of operation, from a 

theoretical point of view. 

According to the sensitivity analysis applied to those items with information from IEEE 

database, it is possible to perform a similar analysis from the Maintainability point of 

view. In other words, considering independen changes of 10% in the value of MTTR, it 

is also possible to obtain a ranking, in this case, from worse to better effect on the 

installation availability (Table 5). 

In this sense, the results show the following order from worse to better availability 

effect: 

 

a) (Item 3,2) AMB motorized protection cell with automatic switch 

b) (Item 3,1) Motorized line cell (secondary distribution) 

c) (Item 2,1) Line of 25 kv (3x300 mm2) per prism underground (500 m) 

d)  (Item 1) Llacuna Sub-Station 

e) (Item 6,2) Rectifier 

f) (Item 2,2) installation in tunnel (2300 m) 

g) (Item 9) Charger control box 

h) (Item 3,4) Air-conditioning system 

i) (Item 3,3) Dry transformer 1,000 kVA; 25 / 0.4 kV; Dyn 11 
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j) (Item 5) Interconnection of Cell to Transformer (500m) 

k) (Item 4,2) Surge protector 

l) (Item 8) Support and point of contact of the pantograph 

m) (Item 4,1) Upstream protective switch 

n) (Item 4,3) Magnetothermal switch with moldable case 

o) (Item 7) DC line  

p) (Item 6,1) Interconnection line of 400 V (15m) 

 

 
 

Table 5. Installation Availability acc. to MTTR sensibility analysis 

 

Colour Key Better A rate

Worse A rate

Level Item No. Class
MTBF 

(hours/failure)

MTTR 

(hours)

Lambda 

(Failure/hours)
A UA

3 3,2
Switchgear, insulated bus, >5 kV, all cabinets, 

ckt. bkrs. Not included
1,72E+05 1,41E+01 5,82E-06 99,99179767577% 0,00820232423%

3 3,1
Switchgear, insulated bus, >5 kV, all cabinets, 

ckt. bkrs. Not included
1,72E+05 1,40E+01 5,82E-06 99,99186852628% 0,00813147372%

2 2,1
Cable, belowground, in conduit, >600 V, per 

1000 ft
1,72E+05 1,40E+01 5,82E-06 99,99186919715% 0,00813080285%

1 1
Switchgear, insulated bus, >5 kV, all cabinets, 

ckt. bkrs. Not included
1,72E+05 1,40E+01 5,82E-06 99,99187960174% 0,00812039826%

2 6,2 Rectifiers 1,72E+05 1,38E+01 5,82E-06 99,99197247928% 0,00802752072%

2 2,2
Cable, aboveground, in conduit, >600 V, per 

1000 f
1,72E+05 1,37E+01 5,82E-06 99,99201454241% 0,00798545759%

1 9 Control panel, generator, wo/switchgear 1,72E+05 1,37E+01 5,82E-06 99,99202734830% 0,00797265170%

3 3,4 Compressor, refrigerant, >1 ton 1,72E+05 1,37E+01 5,82E-06 99,99203485512% 0,00796514488%

3 3,3
Transformer, dry, air cooled, >500 kVA<= 1500 

kVA
1,72E+05 1,37E+01 5,82E-06 99,99204397027% 0,00795602973%

2 5
Cable, aboveground, in conduit, >600 V, per 

1000 f
1,72E+05 1,37E+01 5,82E-06 99,99204550307% 0,00795449693%

3 4,2 Fuse, 0 to 5 kV 1,72E+05 1,37E+01 5,82E-06 99,99204783225% 0,00795216775%

1 8 Charger, battery 1,72E+05 1,37E+01 5,82E-06 99,99204987634% 0,00795012366%

3 4,1
Circuit breaker, 600 V, 3-phase, fixed, 

including molded case, <=600 A, n.o., trp. ckt. 
1,72E+05 1,37E+01 5,82E-06 99,99205169967% 0,00794830033%

3 4,3
Circuit breaker, 600 V, 3-phase, fixed, 

including molded case, <=600 A, n.o., trp. ckt. 
1,72E+05 1,37E+01 5,82E-06 99,99205169967% 0,00794830033%

1 7
Cable, aboveground, in conduit, <=600 V, per 

1000 ft
1,72E+05 1,37E+01 5,82E-06 99,99205379831% 0,00794620169%

2 6,1
Cable, aboveground, in conduit, <=600 V, per 

1000 ft
1,72E+05 1,37E+01 5,82E-06 99,99205379831% 0,00794620169%

Results for the whole RECHARGING STATION 

If the MTTR is increased by 10%, leaving the 

rest equal, the ranking of items  ordered from 

more to less obtained availability for the 

complete Rrecharging Station:
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According to this sensitivity analysis from the maintainability point of view, it is 

observed that some subsystems of the QGBT have a better influence over the whole 

installation availability than other subsystem as for example the Transformation center 

(CT). 

In other words, if the business target is to increase the availability of the whole system, 

the maintenance policies should be focused them in order to reduce the repair time of 

those subsystems that constitute the element QGBT. 

 

3.2 Long term RAMS influence of existing infrastructure constraints 

 

Similar to section 2,1 calculations regarding the reliability behavior during the whole 

life cycle can also be developed from a theoretical point of view (see Figure 9 and 

Table 6). In order to obtain these results, the reliability values have been calculated 

considering β = 1 s previously. 

 

From the reliability behavior along the installation life cycle, it is possible observe, that 

the degradation trend of the different systems is similar with the years. Consequently, 

at the installation end of life will be as well the item 3, Transformation center (CT), the 

item with the worst reliability behavior. 

 

 
 

Figure 9. Reliability behavior along the whole installation life cycle 

 

Therefore, and in reference to the above mentioned results, the system with less 

reliability along the whole installation life cycle is at any time the Transformation 

Center (CT). As commented before, for safety policies, it is recommended the 

acquirement of spare parts for the corresponding maintainable items as well as the 

consideration of those required maintenance tasks and safety measures for electrical 

systems.  



 

 

  

  

 

 

 
Table 6. Reliability behavior along the whole installation life cycle 

 

 

 

 

RELIABILITY MATRIX - BEHAVIOUR ACC. TO WEIBULL DISTRIBUTION WITH β=1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 t (year)

Level Item No.
MTBF 

(hours/failure)
β System 8760 17520 26280 35040 43800 52560 61320 70080 78840 87600 96360 105120 113880 122640 131400 140160 148920 157680 166440 175200 183960 192720 201480 210240 219000 t (hours)

1 1 2,14E+06 1,00 Llacuna Sub-Station 0,9959 0,9918 0,9878 0,9838 0,9797 0,9757 0,9717 0,9678 0,9638 0,9599 0,9560 0,9520 0,9482 0,9443 0,9404 0,9366 0,9327 0,9289 0,9251 0,9214 0,9176 0,9138 0,9101 0,9064 0,9027

1 2 1,11E+06 1,00
Line/ Tunnel/Marisme Forum 

Station
0,9921 0,9843 0,9765 0,9689 0,9612 0,9536 0,9461 0,9387 0,9313 0,9239 0,9167 0,9094 0,9023 0,8952 0,8881 0,8811 0,8742 0,8673 0,8604 0,8537 0,8469 0,8403 0,8336 0,8271 0,8206

1 3 6,12E+05 1,00 Transformation center (CT) 0,9858 0,9718 0,9580 0,9444 0,9310 0,9177 0,9047 0,8919 0,8792 0,8667 0,8544 0,8423 0,8303 0,8185 0,8069 0,7954 0,7841 0,7730 0,7620 0,7512 0,7405 0,7300 0,7196 0,7094 0,6993

1 4 5,48E+06 1,00 QGBT 0,9984 0,9968 0,9952 0,9936 0,9920 0,9905 0,9889 0,9873 0,9857 0,9841 0,9826 0,9810 0,9794 0,9779 0,9763 0,9747 0,9732 0,9716 0,9701 0,9685 0,9670 0,9654 0,9639 0,9623 0,9608

1 6 1,95E+06 1,00 Bus recharging station 0,9955 0,9910 0,9866 0,9822 0,9777 0,9733 0,9690 0,9646 0,9603 0,9560 0,9517 0,9474 0,9431 0,9389 0,9347 0,9305 0,9263 0,9221 0,9180 0,9139 0,9098 0,9057 0,9016 0,8976 0,8935

1 7 2,62E+08 1,00 DC line 1,0000 0,9999 0,9999 0,9999 0,9998 0,9998 0,9998 0,9997 0,9997 0,9997 0,9996 0,9996 0,9996 0,9995 0,9995 0,9995 0,9994 0,9994 0,9994 0,9993 0,9993 0,9993 0,9992 0,9992 0,9992

1 8 1,18E+06 1,00
Support and point of contact of 

the pantograph
0,9926 0,9853 0,9780 0,9708 0,9636 0,9565 0,9495 0,9425 0,9355 0,9286 0,9218 0,9150 0,9082 0,9015 0,8949 0,8883 0,8817 0,8752 0,8687 0,8623 0,8560 0,8496 0,8434 0,8371 0,8310

1 9 7,89E+05 1,00 Charger control box 0,9890 0,9780 0,9672 0,9565 0,9460 0,9355 0,9252 0,9150 0,9049 0,8949 0,8850 0,8752 0,8655 0,8560 0,8465 0,8372 0,8279 0,8188 0,8097 0,8008 0,7919 0,7832 0,7745 0,7660 0,7575

1,72E+05 1,00 RECHARGING STATION 0,9503 0,9031 0,8582 0,8156 0,7751 0,7366 0,7000 0,6652 0,6321 0,6007 0,5709 0,5425 0,5156 0,4899 0,4656 0,4425 0,4205 0,3996 0,3797 0,3609 0,3429 0,3259 0,3097 0,2943 0,2797
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4 RISK ASSESSMENTS 

 

According to ANNEX D from the standard UNE-EN 50129-1, there are some examples 

for the risk assessment: 

 

o As Low As Reasonably Practicable (ALARP): Applied in the UK 

o Globalement Au Moins Aussi Bon (GAMAB): Applied in France (the global level 

of risk provided by the system is at least as good as the offered by any other 

existing system) 

o Minimum Endogenous Mortality (MEM): Applied in Germany 

 

In addition to this, there are different methods to assess the Risk Level (RL). 

Considering this level as an indicator that determines the risk state in which an 

analyzed asset is located, it can be defined as for example: 

 

RL = C x F(t)  

 

Where: 

o F(t) is the probability that a failure event may occur to an asset 

o C is the consequence once the failure event takes place 

 

The probability of failure is the complementary value of reliability R(t): 

  

F(t) = 1 – R(t) = 1 – exp {-(T/MTBF)β} 

 

The consequence of the failure may be calculated from a qualitative point of view (for 

example, considering the experts‘ judgment to the effect in terms of safety to people, 

to machines, to the environment etc.). On the other hand, consequences may be 

calculated from a quantitative point of view (for example, considering the cost of the 

corrective maintenance task, penalties, etc.). Usually, in criticality assessments, the 

consequence is measured as a mix between qualitative and quantitative factors. 

 

Assuming the consequences in terms of cost, the Risk Level may be calculated as: 

 

]C  x (n)[F
1

ii



m

i

RL  

 

 

 



 

Electrical system for the bus recharging station - H16 line in Barcelona 

 

34 

 

Where: 

o Fi is the frequency of occurrence for each failure mode for year n. It can be 

calculated as Lambda = 1 / MTBF and is usually measured in failures / year 

 

o Ci is the Consequence for each failure mode. It can be calculated as the product 

of Repair Time (MTTR) x [Corrective Maintenance Cost + Penalty Costs] and  is 

usually measured in Monetary Units / failure (m.u./failures) 

 

o m is the total amount of failure modes that take place per year. 

 

As can be observed: 

 

Ci =  MTTR x [Corrective Maintenance Cost + Penalty Costs] 

 

Since MTTR is measured as hours/failure, terms related to cost will be measured as 

m.u./hour. That means that this cost is like an hourly rate cost. 

 

These formulations may be applied to the results obtained from the analityc 

calculations to the recharging stations. That means, there is values for MTTR 

(hours/failure) and values for Lambda (Failures/hours). Nevertheless, it is unknown the 

value for corrective and penalty costs. 

 

Assuming for example a value of 100 monetary units / hour for every failure and every 

item, it is possible to obtain an approach of the Risk Level for the whoule installation. 

The results obtained can be observed in the next chart (Table 7). 

 

In a similar way as performed with the reliability, here it is also possible to obtain a 

ranking from lower to higher risk level. Particularly, it is obtained: 

 

a) (Item 7) DC line 

b) (Item 8) Support and point of contact of the pantograph 

c) (Item 5)           Line of 25 kv (3x300 mm2) Interconnection of Cell to Transformer 

d) (Item 4) QGBT 

e) (Item 9) Charger control box 

f) (Item 6) Bus recharging station 

g) (Item 2) Line/ Tunnel/Marisme Forum Station 

h) (Item 1) Llacuna Sub-Station 

i) (Item 3) Transformation center (CT) 
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As can be observed, the system with higher level of risk is the Transformation center 

(CT), that was also the element with the worst reliability behavior. This result is 

coherent since the value of Manintance Corrective Cost + Penalties has been 

considered the same for all items. 

 
Table 7. Approach to risk assessment 

 

5 SYSTEM REQUIREMENTS 

 

In reference to the installation RAMS requirements, their management, as well as their 

acceptance criteria, many different parameters can be considered. The level of 

assumed risk, the percentage of system availability and/or reliability at a specific time, 

as well as many others, can be requirements demanded by the client, the company, 

the user, the public regulations etc. 

 

With the previous calculation is possible to estimate a specific value for the whole 

installation, based on the change of one particular input. This is the case of the 

Level Item No. System Equipment MTTR (hours)
Lambda 

(Failure/hours)

Lambda 

(Failure/year)

Corrective costs + 

Penalties (m.u./h)
Risk Level

1 1 Llacuna Sub-Station
AMB motorized protection cell with automatic 

switch (primary distribution)
37 4,68E-07 4,10E-03                         100,00                                15,29   

1 2
Line/ Tunnel/Marisme 

Forum Station
12 9,03E-07 7,91E-03                         100,00                                  9,53   

2 2,1
Line of 25 kv (3x300 mm2) per prism underground 

(500 m)
16 4,41E-07 3,86E-03                         100,00                                  6,06   

2 2,2
Line of 25 kv (3x300 mm2) installation in tunnel 

(2300 m)
9 4,62E-07 4,05E-03                         100,00                                  3,47   

1 3
Transformation center 

(CT)
24 1,63E-06 1,43E-02                         100,00                                33,90   

2 3A 37 9,35E-07 8,19E-03                         100,00                                30,58   

3 3,1 Motorized line cell (secondary distribution) 37 4,68E-07 4,10E-03                         100,00                                15,29   

3 3,2
AMB motorized protection cell with automatic 

switch (secondary distribution)
37 4,68E-07 4,10E-03                         100,00                                15,29   

2 5
Line of 25 kv (3x300 mm2) Interconnection of Cell to 

Transformer (500m)
9 1,00E-07 8,80E-04                         100,00                                  0,75   

2 3B 5 5,98E-07 5,24E-03                         100,00                                  2,57   

3 3,3 Dry transformer 1,000 kVA; 25 / 0.4 kV; Dyn 11 21 4,77E-08 4,18E-04                         100,00                                  0,89   

3 3,4 Air-conditioning system 4 5,50E-07 4,82E-03                         100,00                                  1,69   

1 4 QGBT 6 1,83E-07 1,60E-03                         100,00                                  0,97   

2 4A 5 1,70E-07 1,49E-03                         100,00                                  0,76   

3 4,1 upstream protective switch 19 1,29E-08 1,13E-04                         100,00                                  0,21   

3 4,2 Surge protector 4 1,57E-07 1,37E-03                         100,00                                  0,55   

2 4,3
Magnetothermal switch with moldable case, 

adjustable differential AMB relay (IV-1600A 50kA
19 1,29E-08 1,13E-04                         101,00                                  0,21   

1 6 Bus recharging station 16 5,14E-07 4,50E-03                         100,00                                  7,18   

2 6,1 Interconnection line of 400 V (15m) 8 3,81E-09 3,34E-05                         100,00                                  0,03   

2 6,2 Rectifier 16 5,10E-07 4,47E-03                         100,00                                  7,15   

1 7 DC line 8 3,81E-09 3,34E-05                         100,00                                  0,03   

1 8
Support and point of 

contact of the pantograph
1 8,45E-07 7,41E-03                         100,00                                  0,37   

1 9 Charger control box 2 1,27E-06 1,11E-02                         100,00                                  2,34   

MTTR (hours)
Lambda 

(Failure/hours)

Lambda 

(Failure/year)

Labour costs + 

Penalties (m.u./h)
Risk Level

RECHARGING STATION 14 5,82E-06 5,10E-02                         100,00                                69,61   

Hierachy IEEE Std 493-2007 Calculations
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sensitivity analysis performed for the improvement of the recharging station 

availability. In Table 5 (section 3.1), the installation availability according to changes on 

the items’ MTTR were shown. 

 

In the similar way, a sensibility analysis changing the items MTBF (which is the same 

thing as saying the failure rate), may provide also a tool to analyse whch is the 

minimium value for failure rate that a subsystem or component may have to reach a 

specific installation availability. The complete chart for the whole installation 

availability accrding to MTBF is shown in Table 8. 

 

 
Table 8. Installation Availability acc. to MTBF sensibility analysis 

 

For example, if a requirement demands that the whole installation must provide an 

availability of 99,9922 % or higher, by the MTBF increment of 10% in just one element, 

it can be achieved only improving this value in the items: 

 

o (Item 1) AMB motorized protection cell with automatic switch (primary 

distribution)  

Colour Key Better A rate

Worse A rate

Level Item No. Class
MTBF 

(hours/failure)

MTTR 

(hours)

Lambda 

(Failure/hours)
A UA

1 1
Switchgear, insulated bus, >5 kV, all cabinets, 

ckt. bkrs. Not included
1,73E+05 1,35E+01 5,78E-06 99,99221274175% 0,00778725825%

2 2,1
Cable, belowground, in conduit, >600 V, per 

1000 ft
1,73E+05 1,36E+01 5,78E-06 99,99211702358% 0,00788297642%

2 2,2
Cable, aboveground, in conduit, >600 V, per 

1000 f
1,73E+05 1,37E+01 5,78E-06 99,99209006792% 0,00790993208%

3 3,1
Switchgear, insulated bus, >5 kV, all cabinets, 

ckt. bkrs. Not included
1,73E+05 1,35E+01 5,78E-06 99,99221273898% 0,00778726102%

3 3,2
Switchgear, insulated bus, >5 kV, all cabinets, 

ckt. bkrs. Not included
1,73E+05 1,35E+01 5,78E-06 99,99221273898% 0,00778726102%

2 5
Cable, aboveground, in conduit, >600 V, per 

1000 f
1,72E+05 1,37E+01 5,81E-06 99,99206192183% 0,00793807817%

3 3,3
Transformer, dry, air cooled, >500 kVA<= 1500 

kVA
1,72E+05 1,37E+01 5,81E-06 99,99206331529% 0,00793668471%

3 3,4 Compressor, refrigerant, >1 ton 1,73E+05 1,37E+01 5,77E-06 99,99207160179% 0,00792839821%

3 4,1
Circuit breaker, 600 V, 3-phase, fixed, 

including molded case, <=600 A, n.o., trp. ckt. 
1,72E+05 1,37E+01 5,82E-06 99,99205628856% 0,00794371144%

3 4,2 Fuse, 0 to 5 kV 1,72E+05 1,37E+01 5,80E-06 99,99205980439% 0,00794019561%

3 4,3
Circuit breaker, 600 V, 3-phase, fixed, 

including molded case, <=600 A, n.o., trp. ckt. 
1,72E+05 1,37E+01 5,82E-06 99,99205628856% 0,00794371144%

2 6,1
Cable, aboveground, in conduit, <=600 V, per 

1000 ft
1,72E+05 1,37E+01 5,82E-06 99,99205438070% 0,00794561930%

2 6,2 Rectifiers 1,73E+05 1,36E+01 5,77E-06 99,99212830722% 0,00787169278%

1 7
Cable, aboveground, in conduit, <=600 V, per 

1000 ft
1,72E+05 1,37E+01 5,82E-06 99,99205438071% 0,00794561929%

1 8 Charger, battery 1,74E+05 1,38E+01 5,74E-06 99,99205794613% 0,00794205387%

1 9 Control panel, generator, wo/switchgear 1,75E+05 1,39E+01 5,70E-06 99,99207842618% 0,00792157382%

Results for the whole RECHARGING STATION 

If the MBTF is increased by 10% (i.e., failure 

rate is reduced by 10%), leaving the rest equal, 

the ranking of items  ordered from more to less 

obtained availability for the complete 

Rrecharging Station:
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o (Item 3,1) Motorized line cell (secondary distribution) 

o (Item 3,2) AMB motorized protection cell with automatic switch (secondary 

distribution) 

 

Therefore, the management decision should be focused on the improvement of 

maintenance policies related to these mentioned elements.  

 

 

6 APPORTIONMENTS OF SYSTEM REQUIREMENTS 

 

The same sensitivity analysis performed for the effect on a whole installation 

parameter, can also be performed for specific subsystems, in order to fulfil specific 

requirements and acceptance criteria for elements at a different level of the system 

structure. 

 

For example, in previous sections has been observed that the Transformation center 

(CT) is an element with comparative worse behaviour from the reliability point of view. 

It is possible now to apply a sensitivity analysis to this specific element, in order to 

observe the effect over its avalilability. 

 

Next chart (Table 9) shows how if MTTR is increased by 10%, leaving the rest items 

with the same original values, the ranking of items from more (green colour) to less 

(red colour) obtained availability for the Transformation center: 

 

 
Table 9. Transformation Center Availability acc. to MTTR sensibility analysis 

 

According to these results, an improvement of 10% in the time to repair of item 5 (Line 

of 25 kv (3x300 mm2) Interconnection of Cell to Transformer (500m)), implies a better 

effect on the availability of the whole transformation centre. 

 

Level Item No. Equipment MTBF (hours/failure)
MTTR 

(hours)

Lambda 

(Failure/hours)
A UA

3 3,1 Motorized line cell (secondary distribution) 1,67E+05 14 5,99E-06 99,99177310347% 0,00822689653%

3 3,2
AMB motorized protection cell with automatic 

switch (secondary distribution)
1,67E+05 14 5,99E-06 99,99171092781% 0,00828907219%

2 5
Line of 25 kv (3x300 mm2) Interconnection of Cell to 

Transformer (500m)
1,67E+05 13 5,99E-06 99,99195875490% 0,00804124510%

3 3,3 Dry transformer 1,000 kVA; 25 / 0.4 kV; Dyn 11 1,67E+05 13 5,99E-06 99,99195722209% 0,00804277791%

3 3,4 Air-conditioning system 1,67E+05 13 5,99E-06 99,99194810695% 0,00805189305%

Results for the whole TRANSFORMATION CENTER

If the MTTR is increased by 10%, leaving the rest equal, the 

ranking of items  ordered from more to less obtained 

availability for the Transformation center (CT):
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Particularly, the order from better to worse effect on the availability of the 

Transformation Centre is as follows: 

 

o (Item 5) Line of 25 kv (3x300 mm2) Interconnection of Cell to Transformer 

(500m) 

o (Item 3,3) Dry transformer 1,000 kVA; 25 / 0.4 kV; Dyn 11 

o (Item 3,4) Air-conditioning system 

o (Item 3,1) Motorized line cell (secondary distribution) 

o (Item 3,2) AMB motorized protection cell with automatic switch (secondary 

distribution) 

 

7 DESIGN AND IMPLEMENTATION 

 

Throughout the whole document, the parameters involved in the different RAMS 

calculations have been: 

 

o F(t): Probability of failure occurrence 

o R(t): Reliability 

o MTBF: Mean Time Between Failure 

o T: Time 

o β: Shape parameter of the Weibull distribution 

o A: Availability 

o UA: Unavailability 

o MTTR: Mean Time to Repair 

o M: Maintainability 

o λ (Lambda): Failure rate 

o Etc. 

 

Nevertheless, there are other parameters besides these ones that can be usefull too 

for a RAMS analysis. According to the Annex C of the UN-EN50126-1, The following 

charts (table 10, 11, 12, 13) show some of them: 

 

 
 

Table 10. Reliability parameters 
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Table 11. Maintainability parameters 

 

 
 

Table 12. Availability parameters 

 

 
 

Table 13. Safety parameters 

 

It is important to highlight the treatment and the approach to safety. RAMS analyses 

are increasing their maturity in the railway sector. Nevertheless, methods for an 

objective measurement of safety and, consequently, their use for management 

decision-making, do not present a generally agreed solution. 

 

In this sense, new technologies and applications of massive data analysis (Big Data, 

Predictive Data Analitics) is promoting this type of improvement lines that are 

organized under the structure of asset management systems. 
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The previous sections have shown how indicators can be developed and obtained. By 

this way, performance killers and drivers, i.e. items of poor and good performance, 

have been identified with different calculations and analysis. 

 

By redesigning or applying preventive maintenance to the identified performance 

killers, the overall availability and reliability can be increased effectively, directly 

impacting in the indicators already listed. 

 

However, it is preferable to simulate improvements before moving into action. For this 

purpose, simulations can assume that specific subsystems may be redesigned and/or 

maintained so as to never fail. Such a change in the data set affects other factors at the 

different system level and provides a good support for future installation designs and 

implementations.  
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CHAPTER V: CONCLUSIONS TO THE ANALYSIS 
AT H16 LINE IN BARCELONA 
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1. OVERVIEW 

 

Among other considerations, availability depends firstly on system design and the 

quality of its assembly. Likewise, the conservation of this availability depends on the 

maintenance performed. A good maintenance plan will be that one that has analyzed 

all possible failures, and has been designed to avoid them. That means, in order to 

develop such a maintenance plan it is necessary to perform a detailed failure analysis 

of all the equipment that make up the system. 

 

Type of 
system 

Maintenance tasks and safety measures 

Hydraulic 
system 

o Check hydraulic systems blockage.   
o Check support’s stability   
o Establish that is not permitted to be situated below lifted 

loads.   
o Check if there are any leaks.   

Electrical 
system 

o Check properly on ground all the electric installation.   
o Check electrical fluid cut-off systems with the disassembled 

protections of the equipment.  
o Check installation protections: cables, switches…  
o Check and keep the electrical installations isolated and 

protected.   

Mechanical 
system 

o Work away from zones where projected particles or parts 
can possibly fall.    

o Check blockage system mechanism.   
o Check isolations and hot surface of equipment.   

In all cases 

o Facilitate applicable individual safety equipment (goggles, 
face masks, gloves…).   

o Provide information about risks and training to operators.   
o Instruct on the correct use of the tools.   
o Check that all oil, grease materials, liquids, etc. are 

removed.   
o Work in the widest possible spaces or in non-closed spaces.   
o Place applicable fire extinguishers according to the type of 

fire. Mark and keep emergency exits clear.   

 

Table 14. Basic safety  

 

Considering the complexity of this task, it is important to take into account in future 

researches the manufacturer’s indications for the main parts of the equipment. In 

general term, if the maintenance task is merely just corrective, that is dealing with 

problems only when they arise, a short-term profitable policy is possible, but nothing 

beyond that. 
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The correct performance of a preventive maintenance procedure increases 

however the system’s life cycle, and consequently, its long-term profitability. 

Nevertheless, we must take into account the fact that there are no immediate 

consequences in applying preventive maintenance, that is, effects of actions taken are 

revealed after a determined period of time. Moreover, we must apply to these plans 

the continuous improvement principle; by updating them at the same time that there 

is a better and deeper knowledge of the system. In this example, for the assumed 

system and as far as a low failure rate has been assigned to this type of equipment, it is 

recommended for further directions on this particular topic to perform a periodic 

revision that includes the following maintenance tasks, highlighting those of basic 

safety measures (see table 14) 

 

2. RESULTS, FINDINGS AND FUTURE ADVANTAGES OF THE ANALYSIS 

 

The following table shows a comparative chart with the values obtained for mean 

failure rates in the recharging bus station. By matching these results with experts’ 

opinion, it results that maintenance policies in the station approach its behavior to the 

case of a conservative failure rate (in terms of availability). 

With a certainty of 99% (table 15), with the values used from the database (IEEE) 

and applying the methodology described in the previous chapters, it is obtained that 

the availability of the recharging station system will be between a minimum availability 

of 99.9917% and a maximum availability of 99.9924%. 

 

 
Table 15. Comparison chart of availabilities in the recharging service 
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In the present analysis, once obtained the expressions that relate the RAMS 

variables of components, we have proceeded to provide a quantitative assessment 

with the help of the IEEE data base. With this quantitative assessment, it is possible to 

observe the availability of the subsystems as well as for the entire system, achieving 

overall results shown in the previous section. The results obtained in terms of 

subsystems, allow establishing a ranking from higher to lower availability under certain 

assumptions and boundary conditions, which would allow with a reliability analysis the 

possibility of making a preliminary list of recommended spare parts. 

  

Although this report has been focused on the availability calculation of a system 

with one specific operating mode, from this research is also possible to obtain other 

interesting results as in the case of a sensitivity analysis. In this sensitivity analysis, 

performing variations in failure rates we can observe how the availability of the 

complete system varies and we can rank subsystems according to this effect on the 

output variable. 

 

The following figure shows an exercise with the current operating mode, 

considering the calculation of mean failure rates. In that exercise, one of the 

subsystems is altered each time improving 10% in the respective failure rates 

(percentage indicated in green cells), so that each time we obtain a certain (and 

different) value of the total availability. 

 

Proceeding by this way, it is possible to obtain a ranking that illustrate where is 

appropriate to improve the maintenance policies if the goal is to increase the 

availability of the plant for a given mode. 

 

That means, if every time is reduced by 10% the failure rate of a particular 

subsystem, and leaving the rest equal, we obtain the following availability for each 

operation (it is ranked from highest to lowest availability obtained): 
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Figure 8. Sensitivity analysis ranking in Oracle Crystal ball. 

Finally, it is important to note that failure rates come from a database (IEEE) 

considering a steady state of operation and normal elements. 

 

Therefore, results must be seen as an approach. That is reason why this analysis is 

mainly a starting point in the understanding of the systems behavior regarding its 

availability for recharging service. Thus, the more experience and detailed knowledge 

on the systems, the more refined could be considered the analysis and more adjusted 

to reality, using historical data of the Line itself, which will allow providing more 

particularized and accurate conclusions. 
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