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The reduction of aircraft operating costs is one of the most important objectives 

addressed by aeronautical manufactures and research centers in the last decades. In order to 

reach this objective, one of the current ways is to develop innovative on-board system 

architectures, which can bring to lower fuel and maintenance costs. The development and 

optimization of these new aircraft on-board systems can be addressed through a 

Multidisciplinary Design Optimization (MDO) approach, which involves different 

disciplines. One relevant discipline in this MDO problem is Reliability, Availability, 

Maintainability and Safety (RAMS), which allows the assessment of the reliability and safety 

of aircraft systems. Indeed the development of innovative systems cannot comply with only 

performance requirements, but also with reliability and safety constraints. Therefore, the 

RAMS discipline plays an important role in the development of innovative on-board 

systems.  In the last years, different RAMS models and methods have been defined, 

considering both conventional and innovative architectures. However, most of them rely on a 

document-based approach, which makes difficult and time consuming the use of information 

gained through their analysis to improve system architectures. On the contrary, a model-

based approach would make easier and more accessible the study of systems reliability and 

safety, as explained in several studies. Model Based Systems Engineering (MBSE) is an 

emerging approach that is mainly used for the design of complex systems. However, only a 

few studies propose this approach for the evaluation of system safety and reliability. The aim 

of this paper is therefore to propose a MBSE approach for model-based RAMS evaluations. 

The paper demonstrates that RAMS models can be developed to quickly and more 

effectively assess the reliability and safety of conventional and innovative on-board system 

architectures. In addition, further activities for the integration of the model-based RAMS 

methodology within MDO processes are described in the paper. 
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Nomenclature 

ECS = Environmental Control System 

EHA = Electro-Hydrostatic Actuator 

ELAC = Elevator Aileron Computer  

FCS = Flight Control System 

FHA = Functional Hazard Analysis 

FMEA = Failure Modes and Effects Analysis 

FTA = Fault Tree Analysis 

MBSA = Model Based Safety Analysis 

MBSE = Model Based Systems Engineering 

MDO = Multidisciplinary Design and Optimization 

RAMS = Reliability, Availability, Maintainability and Safety 

RBD = Reliability Block Diagram 

SysML = System Modeling Language 

I. Introduction 

HE reduction of aircraft fuel consumption is one of the most important objectives addressed by aeronautical 

manufacturers and research centers in the last decades. A fuel reduction would bring to significant benefits in 

terms of lower environmental impact and lower fuel costs. Therefore, different new technologies and solutions are 

being developed, e.g. more efficient engines, alternatives to kerosene-based fuels and hybrid electric aircraft. In 

addition, more reliable and safer solutions are being investigated, since they entail reductions of maintenance costs. 

A significant improvement in operating costs can be reached by aircraft on-board systems. Nowadays, especially 

in conventional civil transportation aircraft, the on-board systems are driven by a combination of four types of 

secondary power source: pneumatic, mechanical, hydraulic and electrical [1]. They are all derived from the gas 

turbine engines and their energy consumption is approximately 5% of the total fuel burnt [2]. The pneumatic power 

is obtained from the engines high-pressure compressors and delivered to the Environmental Control System (ECS), 

Wing Ice Protection System (WIPS) and Cowl Ice Protection System (CIPS). The mechanical power is instead 

transferred to hydraulic pumps, some fuel pumps, and to the main electrical generators, by means of gearboxes. 

Afterwards, hydraulic and electrical power is distributed throughout the aircraft to drive subsystems such as flight 

control actuators, landing gear, avionics, aircraft lighting and galley loads [3], [4]. Supplying all these kinds of 

secondary power sources requires many complex systems and a failure in one of them may lead to unavailability of 

important subsystems, resulting in a grounded aircraft and flight delay. Having more than one power source to be 

distributed throughout the aircraft, the number of redundancies to obtain the necessary safety level is higher. 

Moreover, power off-takes, especially bleed air off-takes cause a reduction of engine efficiency, resulting in an 

increase of fuel consumption and hence operating costs.  

Therefore, the short term goal is to develop innovative on-board system architectures, using the electrical power 

in place of hydraulic and pneumatic power [5]. Ultimately, the goal for future aircraft is to replace every kind of 

power source with the electrical one. The first concept characterizes the More Electric Aircraft (MEA), whereas the 

second defines the All Electric Aircraft (AEA). In the last decade the MEA concept has already been adopted by 

Boeing with the B787 Dreamliner, in which the no-bleed systems architecture allows to eliminate the traditional 

pneumatic system. Therefore, the power source of most functions (such as the air-conditioning and the anti/de-icing) 

is converted to electric power. This new architecture offers a number of benefits, including improved fuel 

consumption (with a predicted fuel saving of about 3%), reduced maintenance costs and improved reliability due to 

the use of modern power electronics and fewer components in the engine installation [6]. The same can be observed 

on the Airbus A380 Flight Control System (FCS), in which one of the hydraulic systems has been replaced with a 

set of electrically powered actuators. The type of actuators that has been selected is the Electro-Hydrostatic Actuator 

(EHA). The reduction of the total number of hydraulic components in the FCS architecture has involved different 

benefits, including weight savings, improvements of reliability and increased safety [7]. 

The development of different new on-board system architectures, which may influence many disciplines and 

parameters (e.g. aerodynamic performance, fuel consumption, aircraft geometry, engine efficiency and costs), 

should be done through a Multidisciplinary Design Optimization (MDO) approach. MDO is a field of engineering 

that focuses on numerical optimization for the design of systems [8], i.e. it uses optimization methods to solve 

design problems, allowing to incorporate of all the relevant disciplines simultaneously. Among these, the Reliability, 
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Availability, Maintainability, and Safety (RAMS) is one of the most important disciplines for the development of 

any on-board systems architecture. Nevertheless, even though RAMS is a very relevant discipline, currently it is still 

difficult to define the reliability and safety of aircraft on-board systems implementing innovative architectures. 

Moreover, improving those configurations during the design process to avoid their possible faults is still a challenge.  

In the last years, different techniques and methods have been developed to assess systems reliability and safety. 

Examples or techniques for the estimation of system reliability and safety are Reliability Block Diagram (RBD), 

Functional Hazard Analysis (FHA), Fault Tree Analysis (FTA), Physics of Failure (PoF) analysis, Failure Modes 

and Effects Analysis (FMEA), Failure Modes, Effects and Critical Analysis (FMECA), Markov Analysis (MA), and 

Common-Cause Analysis (CCA). All these techniques are used during the reliability assessment process of the 

aircraft, and are adopted by aircraft manufacturers, such as Boeing and Airbus [9]. In addition there are handbook-

based methods, which rely on documents as MIL-HDBK-217 [10] to estimate reliability properties of on-board 

equipment, especially of the electronic one. Even if they have been strongly criticized by the U.S. National 

Academy of Sciences due to their inaccuracies and deficiencies, they are still used in different commercial and 

military avionic applications [11]. A complete RAMS estimation method has been developed at Polytechnic of 

Turin, by Prof. Sergio Chiesa and described in [12]. Such a method defines the reliability of conventional aircraft 

subsystems (such as structure, engines and on-board systems) using a top-down approach. In particular, it uses 

statistical data of conventional aircraft to evaluate their failure rate. Afterwards, by means of subsystems weights, it 

defines the failure rate for each one of them, allowing the estimation of their reliability.  Based on this work, a novel 

RAMS estimation method has been developed [13], which has updated the one proposed by Chiesa by including a 

selection of new technologies, e.g. composite structures and Laminar Flow Wings (LFW). This novel RAMS 

estimation method addresses also one innovative technology for the on-board system, the EHA, but the approach 

used to estimate the systems reliability and safety is still based on statistical data of conventional solutions. 

However, this work represents a relevant attempt towards the evaluation of reliability and safety of innovative on-

board systems.  

All the techniques and methods just mentioned rely on a document-based approach, which makes difficult and 

arduous to use the information gained through their analysis to improve system architectures. Furthermore, this kind 

of approach strongly increases the possibility of human errors. On the contrary, a model-based approach would 

make development activities easier, enhancing design quality, system specification and communications within the 

development team [14].  

Due to all the benefits of a model-based approach, Joshi et al. propose in [15] and [16] the employment of 

modeling and simulation tools (e.g. Simulink [17] and SCADE [18]) to support activities of system safety analysis 

as prescribed by the standard ARP 4761 [19]. This approach is called Model Based Safety Analysis (MBSA): after 

FHA and FTA safety analyses are performed, safety requirements are derived and the system is designed. System 

models and fault models are then developed to support verification activities. However, models can be built not only 

to support design and verification tasks, but to support also the activities that are traditionally performed by means 

of a document-based approach: development of system requirements, identification of functions that should be 

performed by the systems and determination of one ore multiple system architectures. These activities are part of a 

Systems Engineering process [20] and they can be enhanced whether a model-based approach is adopted. This is the 

reason why it is expected that Model-Based Systems Engineering (MBSE) will play an increasing role in the 

practice of Systems Engineering in the next decades [21]. Therefore, many studies have been conducted in the past 

to integrate RAMS activities in a MBSE approach. Some studies (e.g. [22], [23] and [24]) employ Unified Modeling 

Language (UML) [25] as standard modeling language. Other kinds of modeling language are also proposed in 

literature, for instance the Architecture Analysis and Design Language (AADL) [26]. However, the standard 

modeling language to be used in MBSE activities promoted by the International Council On Systems Engineering 

(INCOSE) is the System Modeling Language (SysML) [27]. SysML [28] is a general-purpose graphical modelling 

language, which consists of nine types of diagram to represent the functional behavior and the structure of systems.  

SysML is generally employed in the design of conventional and innovative systems, but several works propose 

the use of this modeling language in safety evaluation activities. The majority of these studies (e.g. [29], [30] and 

[31]) deals with the generation of FMEA from SysML models. Other works instead focus on the generation of FHA 

(e.g. [32]) and FTA (e.g. [33], [34] and [35]). Moreover, some papers deal with techniques for reliability assessment, 

therefore including RBDs (e.g. [36]). It is worth noting that two different approaches are followed by the different 

studies. All these mentioned studies propose the generation of RAMS techniques from a system model. The 

functional behavior and the structure of the system are described by SysML models, from which FHA, FTA, FMEA 

and RBD are generated. Both Brusa et al. [32] and Izygon et al. [37] instead suggest the development of functional 

and dysfunctional SysML models, hence entailing a more complete model, and with the advantage of quickly 

updating the RAMS analyses in case of modifications of the design. Instead of performing the RAMS analyses only 

D
ow

nl
oa

de
d 

by
 L

uc
a 

B
og

ge
ro

 o
n 

Ju
ne

 2
2,

 2
02

0 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

02
0-

31
51

 



4 

 

once the design solution is baselined, with this approach these analyses can be performed in the design phase, during 

which multiple alternative solutions are identified. Results of RAMS evaluations can therefore drive the tradeoff 

among all the possibilities, together with all the other results of the design process, for instance masses and 

performance characteristics.  

All the studies previously mentioned propose methods for the generation, sometimes automated, of RAMS 

analyses from SysML models. However, the results of these model-based RAMS methods are in the form of 

documents, as tables. The aim of the present paper is therefore to propose a different use of SysML diagrams within 

the RAMS context. Although the focus in this paper is on FHA, FTA, FMEA and RBD, several RAMS analyses can 

be represented by models, instead of documents, hence entailing advantages as improved communications between 

system designers and safety experts, re-use of models, less prone to error solutions. Most importantly, the RAMS 

models can be quickly updated in case some changes of the system architecture are made, for instance when new 

components are introduced. In this way, a high number of alternative system architectures can be evaluated, as it 

might happen during the development of a novel solution. Indeed in traditional document-based RAMS, only a 

limited set of architectures can be assessed. Furthermore, the shift to a model-based solution will facilitate the 

integration of RAMS within collaborative MDO applications, reducing the communication challenges faced by 

collaborative development teams [38].  Guidelines about the use of SysML models for reliability and safety analyses 

are provided in Section II. An application example based on the aileron command of conventional and innovative 

FCS is described in Section III. The paper demonstrates that this approach allows the fast generation of the four 

RAMS analyses mentioned before for multiple system architectures. As explained in Section IV, the work here 

presented forms the basis to perform trade-off evaluations accounting for reliability and safety aspects, and 

additional performance characteristics (e.g. on-board system masses and efficiencies). The integration of the RAMS 

discipline in MDO processes is introduced. Section V collects conclusions and outlines further improvements.    

II. Model-based representation of RAMS analyses 

The present Section poses the guidelines for the development of models for the investigation of four RAMS 

analyses, namely FHA, FTA, FMEA and RBD. The explanation of all the SysML elements used in the proposed 

approach is out of the scope of the present paper. However, the Appendix provides an overview on all the SysML 

elements used in the four analyses. More details on SysML are available in references [14] and [39]. 

A. Model-based Functional Hazard Analysis 

One of the first analyses of the safety assessment process is the FHA. This technique aims at identifying failure 

modes, severity and risk associated to each system function [40]. This technique is generally adopted during the 

initial phase of design process when the focus is mainly on the functions that should be performed by the system 

instead on the components of the system architecture. However, in this initial phase an allocation of functions to 

system components might be already done, and this information can be utilized in the application of the FHA.  

 

Figure 1 Model-based FHA represented through SysML Activity Diagram, showing functional failures and 

failure effects. More information about the employed SysML elements are reported in the Appendix and in 

references [15] and [40].  

(a) (b) 
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A process based on SysML Activity and Sequence Diagrams is proposed in [32]. This process is here rearranged 

and the following steps are proposed to build a model-based FHA. The proposed process employs a SysML Activity 

Diagram showing the functions that should be performed by the system. The diagram is divided in partitions, in 

order to allocate functions to system components. In addition, the functions can represent both the nominal and the 

off-nominal behavior of the system, as some back-up functions might be included and allocated to redundant 

components. The safety process continues with the assessment of each function. Functional failure modes are 

identified for each function, and consequences are investigated. This step is supported by the Activity Diagram: each 

function represented in the diagram might bring to a failure mode, causing and interruption to the sequent part of the 

functional branch, bringing in some cases to a stop of the entire activity. The Activity Diagram represented in Figure 

1 (a) represents the functional behavior of a system, i.e. all the actions that the system should perform. The model-

based FHA is instead represented by the Activity Diagram of Figure 1 (b), where a functional failure entails an 

interruption to part of the functional flow. The send signal action can be used to represent the effect of the functional 

failure mode. 

B. Model-based Fault Tree Analysis 

A deductive top-down method for the analysis of system faults is represented by the FTA [41]. All the possible 

causes (e.g. component failures) that originate a top event as a system-level fault are traditionally assessed through 

Boolean logic gates in a Fault Tree like the one depicted in Figure 2 (a). Different SysML diagrams are used in 

literature to generate FTAs, as Internal Block Diagrams in [34] and State Machine Diagrams in [37].  

The model-based version of the traditional Fault Tree peculiar of this analysis and proposed in this work is 

represented by a SysML Sequence Diagram. The top event investigated with the FTA is written in the diagram 

header. The Sequence Diagram includes the blocks representing the system components. The SysML actor element 

is employed to represent users and other systems interacting with the system under design. Other SysML elements 

of the Sequence Diagram are used to represent all the information collected in the FTA, although this paper is 

limited to only two types of Boolean logic gate: and – or. Figure 2 shows both a traditional Fault Tree and a model-

based FTA embodied by a Sequence Diagram. The interaction operator alt is used to represent the logic gate or, 

while the logic gate and is represented by the interaction operator par. The guard that is generally used to specify 

the condition of the operands is used now to define all the events of the Fault Tree. Since the interaction operator 

par is not characterized by guards, a third type of interaction operator (opt) can be introduced to specify the events 

linked to the Boolean logic gate and. It is worth noting that the proposed approach based on the Sequence Diagram 

contains more information than the traditional Fault Tree. In particular, the interactions among the system 

components and users can be represented inside the three types of interaction operator. Hence, it is clear which 

interactions cannot happen during the different failure events. This additional information can be helpful for the 

engineers during the safety assessment.   

 

Figure 2 Traditional FTA (a) model-based FTA (b). The SysML Sequence Diagram (b) represents events and 

Boolean logic gates as shown in the Fault Tree (a). More information about the employed SysML elements 

are reported in the Appendix and in references [15] and [40]. 

(a) 
(b) 
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C. Model-based Failure Modes and Effects Analysis 

Another analysis of the safety assessment process is the FMEA [42]. The aim of this technique is the 

identification of potential failure modes of all the components of a system and the assessment of their causes and 

effects. Traditionally, this analysis is document-based since it results in a table. The most interesting proposal about 

the generation of a FMEA from a model is suggested by David et al. [29]. This proposal is based on a Dysfunctional 

Behavior Database (DBD) represented through a SysML Block Definition Diagram that shows all the failure modes 

of several system components. This database model is built on the basis of the experience of the safety expert. The 

authors then suggest the use of Internal Block Diagrams to highlight the connections between all the system 

components. These connections are employed to assess the effects in case of failure modes propagation. This 

information together with failure modes collected in the DBD are sufficient to set up a FMEA, although other 

diagrams can be used, e.g. Sequence and Parametric Diagrams. This approach is very convenient in case the user 

wishes to automatically generate FMEA from a system model. However, the automatic generation of RAMS 

analysis is out of the scope of the present paper.  

Therefore, a different approach based on a model represented by only SysML State Machine Diagrams is 

suggested in this work. These kinds of diagram represent different states of the system or its components. States can 

be nominal but also off-nominal conditions. Therefore, failure modes that are collected in a FMEA are represented 

by means of states. In this case, terminate pseudostate nodes are connected to failure states to terminate the behavior 

of the state machine. The causes that entail the transition from one state to another one are represented by Triggers. 

In case of change from a nominal condition to a failure mode, triggers represent failure causes. Eventually, send 

signal nodes are linked to the failure state to identify its effects. It is worth noting that the presence of a terminate 

pseudostate node and send signal nodes distinguishes nominal states from failure states. Figure 3 collects all the 

elements of the State Machine Diagram that represent the most relevant information generally included in a FMEA 

table. However, the proposed model doesn’t represent other details that can be part of a FMEA, for example the 

severity of the failure.  

 

Figure 3 Model-based FMEA represented through SysML State Machine Diagram, showing failure modes, 

causes and effects. More information about the employed SysML elements are reported in the Appendix and 

in references [15] and [40]. 

D. Model-based Reliability Block Diagram 

The fourth technique investigated in the present paper is the RBD, which is used to evaluate the reliability of a 

system [43]. Liu et al. [36] suggest the use of Internal Block Diagrams for the generation of RBDs. Since this 

SysML diagram is the most appropriate for the evaluation of system components, the approach proposed in this 

paper is based on this kind of representation. However, the aim here is not to extract an RBD from an Internal Block 

Diagram, but to model the system reliability by means the SysML diagram. Figure 4 (a) shows a traditional RBD of 

a generic system made of six components. Each block contains the reliability value of each component. The Internal 

Block Diagram depicted in Figure 4 (b) is generated from the RBD by representing all the components as parts, and 

for each of them specifying the value “reliability”. The Internal Block Diagram shows also the connections among 

all the parts, defining groups of components in parallel and in series. It can be noted that Component 5 represents a 

component which is outside the system under design. However, the system reliability might be affected by it, and 

thus it must be included in the diagram. Component 5 is therefore represented in the Internal Block Diagram as a 

Reference element (see the dashed boundary).  
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Figure 4 Traditional RBD (a) and model-based RBD (b). The SysML blocks in (b) report the reliability values 

of the system components. More information about the employed SysML elements are reported in the 

Appendix and in references [15] and [40]. 

III. Example of application of the proposed guidelines 

The guidelines proposed in Section II are applied for the safety and reliability assessment of two architectures of 

a FCS. Due to the extent and complexity of a RAMS evaluation of an entire on-board system, the application case 

described in this Section is simplified with the introduction of some assumptions. The main assumption is relative to 

the scope of the application case: only the aileron command is evaluated and not the entire system. Other minor 

assumptions will be provided below. 

The aircraft selected as reference for the application is an Airbus A320, since some data is available in literature 

(e.g. [44]). The first system architecture evaluated in this Section is the conventional one. Figure 5 (a) shows the 

schema of the whole conventional FCS. All the control surfaces are moved by hydraulic actuators, which are 

supplied by three hydraulic circuits: “Blue” (B), “Green” (G), and “Yellow” (Y). In particular, each one of the two 

ailerons is moved by two hydraulic linear actuators. One actuator is always active, while the other one is in stand-by 

mode and used only in case of failure of the main actuator. The second architecture considered in this study is a 

“more-electric” one, and it is schematized in Figure 5 (b). The proposed solution is similar to the one installed on the 

Airbus A380, as described in Section I. In this innovative architecture, the “Blue” hydraulic circuit is removed and 

replaced by an electric line. As assumption, only a single electric line is installed in place of the hydraulic circuit, 

although the solution adopted on the Airbus A380 is characterized by two electric lines. In the case of the ailerons, 

each of them is again moved by two actuators, one active and the other one in stand-by mode. The active one is a 

linear hydraulic actuator, while an EHA is selected as redundancy.  

 

Figure 5 Schema of A320 FCS: conventional architecture [44] (a) and more-electric architecture (b). The 

present application focuses on the left aileron (highlighted in red). 

(a) (b) 

(a) (b) 
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Since this Section aims at presenting an example of application of the proposed RAMS model, the reference 

system is here simplified. The reason of this choice is to limit the size and complexity of the RAMS model, since 

otherwise it might affect the clarity of the proposed example. The following assumptions are identified: 

 The roll command is given only by the pilot. Co-pilot or auto-pilot commands are not considered in the 

application case. 

 Only a single ELAC is considered in the system. Actually, two ELACs are installed for safety purposes. 

In addition, the ELAC should be connected with the Avionic System, since it receives information 

about the aircraft and flight needed to command the actuators. However, this connection is not 

considered in the present use case. 

 Actuators and aileron position feedback is not considered. 

By adopting all these assumptions, a simplified version of the conventional architecture is represented by the 

Internal Block Diagram of Figure 6 (b). A similar diagram is derived to represent the more-electric system 

architecture, as shown in Figure 6 (c). In this case, the back-up hydraulic actuator is replaced with an innovative 

EHA, which is supplied by the electric system. 

 

 Figure 6 SysML Internal Block Diagrams representing aileron command: conventional (a), simplified 

conventional (b) and simplified more-electric (c) system architectures. More information about the employed 

SysML elements are reported in the Appendix and in references [15] and [40]. 

The description about the functioning of the system can be also provided through a model. The Sequence 

Diagram of Figure 7 shows the interactions between components and users of the conventional system. It is worth 

(a) 

(b) 

(c) 
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noting that the diagram shows nominal behavior – i.e. the main actuator moves the aileron – and off-nominal 

behavior, i.e. in case the redundant actuator is utilized. 

 

Figure 7 SysML Sequence Diagram representing the interactions among users and system components of the 

simplified conventional architecture. More information about the employed SysML elements are reported in 

the Appendix and in references [15] and [40]. 

The system model represents the starting point for the RAMS evaluation by means of the proposed model-based 

approach. The four analyses explained in Section II are applied and described in the following subsections.  

A. Model-based Functional Hazard Analysis – Aileron command 

Figure 8 shows three Activity Diagrams representing the model-based FHA. Figure 8 (a) collects the functions 

performed by the conventional system. All the system main functions are allocated to the different components. The 

reader can note the presence of a conditional element, which directs the flow of functions from the main actuator to 

its redundancy, in case of failure. The same Activity Diagram can be re-used to show what happens in case of a 

functional failure. Figure 8 (b) depicts the event of functional failure involving the function associated to the main 

actuator. The corresponding branch of the Activity Diagram is interrupted and as a consequence the alternative 

function is performed by the system. The same happens in case of innovative architecture (Figure 8 (c)), where 

instead the same back-up function is allocated to a different component.  
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Figure 8 SysML Activity Diagrams representing system nominal functions (a), model-based FHA applied to a 

simplified conventional (b) and more-electric system architecture (c). More information about the employed 

SysML elements are reported in the Appendix and in references [15] and [40]. 

B. Model-based Fault Tree Analysis – Aileron command 

The RAMS assessment of the aileron command proceeds with the FTA. Figure 9 depicts the Fault Tree of the 

conventional system. The identified top event is the not deflection of the aileron. This failure happens if at least one 

of following conditions occurs: 

 The pilot stick cannot transmit the electric signal. 

 Issues affect the ELAC, i.e. it doesn’t receive power from the electric system or it results in failure 

mode. 

 Both the actuators have a failure, which can be a generic issue (in this case the actuator is broken) or a 

more specific low pressure problem affecting the hydraulic circuit.   

 

Figure 9 Traditional FTA applied to a simplified conventional system architecture. 

The same Fault Tree of Figure 9 can be modeled and represented through a Sequence Diagram, where the 

Boolean logic gate or is represented by the interaction operator alt and the Boolean logic gate and is represented by 

(a) (b) (c) 
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the interaction operator par. This Sequence Diagram is shown in Figure 10 (a). The same diagram shows the 

interactions of Figure 9, but in this diagram they are all considered as failed interactions. The Sequence Diagram can 

be re-used to realize the model-based FTA of the more-electric architecture, as shown in Figure 10 (b). The actor 

Hydraulics System (B) is removed and the block Redundant hydraulic actuator is replaced by EHA. The final part of 

the diagram is slightly modified, since a change in failure event is introduced: in the case of innovative architecture, 

the events EHA is broken and No electric power to EHA are considered. The modifications of the FTA of the more-

electric architecture are highlighted in red. 

 

Figure 10 SysML Sequence Diagram representing the model-based FTA applied to simplified conventional 

(a) and more-electric (b) system architectures. More information about the employed SysML elements are 

reported in the Appendix and in references [15] and [40]. 

C. Model-based Failure Modes and Effects Analysis – Aileron command 

The following RAMS assessment is the FMEA. In this application case, two components are evaluated. The 

former is the hydraulic actuator, which is installed in both the conventional and more-electric architectures. The 

latter is the EHA, which is peculiar of only the innovative solution. The two State Machine Diagrams of Figure 11 

show the failure modes, their causes and their effects. Both the actuators can fail and change their status to damping 

mode. As a consequence, they wouldn’t be able to actuate the ailerons. However, two different causes can bring to 

this failure condition. In the case of hydraulic actuator, a low pressure in the hydraulic circuit might cause the 

failure, while in case of the EHA, a shortage of electric power would entail the fail state. 

(a) (b) 
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Figure 11 SysML State Machine Diagram representing the model-based FMEA applied to a simplified 

conventional (a) and more-electric system architecture (b). More information about the employed SysML 

elements are reported in the Appendix and in references [15] and [40]. 

D. Model-based Reliability Block Diagram – Aileron command 

The RAMS analysis of the proposed use case ends with the reliability evaluation. The guidelines proposed in 

Section II are applied for the study of the present application case. Figure 12 shows the model-based RBD of the 

conventional and more-electric system architectures. The two diagrams are similar to the ones of Figure 6 (b) and 

(c), with the addition of the value reliability. Moreover, the components belonging to interface systems – namely the 

hydraulic and electric systems – are represented as Reference elements, since characterized by a reliability value. 

The main difference between the two diagrams is represented by the redundant actuator. The hydraulic actuator 

installed in the conventional solution and the EHA of the more electric architecture are characterized by a different 

value of reliability. Furthermore, the removal of the hydraulic line B changes the system reliability of the innovative 

alternative. 

 

Figure 12 SysML Block Definition Diagrams representing the model-based RBD applied to a simplified 

conventional (a) and more-electric system architecture (b). More information about the employed SysML 

elements are reported in the Appendix and in references [15] and [40]. 

(a) (b) 

(a) 

(b) 
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E. Advantages of the model-based RAMS 

The application described in the present Section proves that the model-based version of the RAMS analysis has 

the following advantages over the document-based approach: 

 The safety and reliability models can be re-used to quickly model and evaluate alternative architectures. 

In this specific case, only two architectures are considered, but many more alternative solutions can be 

identified and assessed. This advantage gains importance and relevance for the selection of the system 

architecture, since the RAMS analyses are used in a trade-off study together with other system 

performance, e.g. masses and efficiencies. 

 The communication and understanding between the teams involved in the development is improved and 

facilitated. 

 Reliability and safety models can be queried, to check completeness, consistencies and to verify the 

system solution against the RAMS requirements and constraints. 

 In the case of the FHA, since the Activity Diagram represents the functional model of the system, all the 

functional failures can be considered, without neglecting anyone. Moreover, the diagram supports the 

identification of effects in case of functional failure. 

 The Sequence Diagram of the model-based FTA contains more information of the traditional Fault 

Tree. In particular, all the actions that can’t be performed in case of failure events are included in the 

model. 

 The State Machine Diagram used to represent the model of the FMEA can be simulated to predict the 

system behavior in case of malfunctioning. 

 The model used to represent the RBD is more intuitive of the traditional technique, since it can be 

extracted from the Internal Block Diagram representing all the system components and their 

connections. 

IV. Towards Integration of the RAMS discipline in a MDO processes: EU-H2020 AGILE 4.0 project 

Section III has demonstrated the advantages of adopting a model-based approach for the evaluation of the 

reliability and safety of multiple on-board system architectures. However, RAMS is only one of the multiple 

disciplines involved during the development of an aircraft. Several disciplinary results other than reliability and 

safety should be evaluated in a trade-off study. For instance a trade-off for the design and optimization of aircraft 

systems has to account for subsystem masses, bleed air and shaft power off-takes, fuel weight, equipment volumes 

and relative installation constrains. Therefore, a multidisciplinary approach for the simultaneous assessment of all 

these disciplinary results is needed. Such a trade-off study is among the ones envisioned within the EU funded 

project H2020 AGILE 4.0 [45]. AGILE4.0 project is a follow up of the EU funded project AGILE [46], which has 

proved to accelerate the deployment of large-scale collaborative MDO processes, as shown in [47], [48] and [49].  

AGILE 4.0 project (September 2019 – August 2022) targets the digital transformation of the main pillars of the 

aeronautical supply-chain: design, production, certification and manufacturing [50]. The project leverages a MBSE 

approach to MDO for development of complex products, described in [51], and extends it to model, assess, and 

optimize complex systems addressing the entire life cycle. The technologies developed will enable stakeholders and 

actors of the aeronautical supply chain to perform trade-off studies which have never been possible to model before. 

The impact of AGILE 4.0 is to bring significant reductions in aircraft development costs and time-to-market through 

the implementation of an integrated cyber-physical aeronautical supply chain, thereby leading to innovative and 

more sustainable aircraft products. 

One of the use cases tackled during the project specifically investigates on different conventional and innovative 

on-board system architectures. The models representing all these system architectures are built. The models 

proposed in the paper are included to evaluate RAMS characteristics, and MDO workflows are generated and 

executed to eventually identify the optimal on-board systems solution. The main goal of this use case is to include 

RAMS analyses in MDO processes. In this way, the optimal solution wouldn’t be determined only by aircraft and 

on-board systems performance, but also by reliability and safety characteristics. This aspect is important since it 

means taking into account certification requirements and constraints from the beginning of the aircraft development 

process. Anticipating the certification process during the design phases when the main design decisions are taken 

would entail future changes to the baseline, which would entail high modification costs, delays and the 

determination of a not-optimal solution. 
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V. Conclusions 

The transition from a document to a model-based approach is one of the most relevant enablers to develop the 

next generation of aerospace systems. Several studies and research projects focus on the creation and usage of 

system models due to all the advantages of this approach over a traditional document-based approach. Due to all the 

claimed advantages, several studies are proposing the adoption of a model-based approach in the context of 

reliability and safety evaluations. The majority of these studies aims at generating RAMS techniques from system 

models, but the results are still collected in documents, e.g. tables. This paper instead exploits the MBSA approach 

for the development of RAMS models. The models and their application proposed in this paper demonstrate several 

advantages, e.g. better communication and understanding between development teams, more consistent and 

complete results. Moreover, the reliability and safety models here proposed can be always up-to-date in case of 

variations of the system architecture, facilitating trade-off studies that include RAMS results. 

The proposed approach is still affected by some limitations, as highlighted in the previous Sections. Therefore, 

other studies should be conducted to improve and expand this work. In particular, two main research topics are 

identified to exploit the proposed approach. First, additional reliability and safety techniques can be modeled, since 

the proposed model-based approach addresses only four RAMS analyses. Second, the integration of the RAMS 

models within MDO processes can be addressed to simultaneously and automatically trade-off reliability and safety 

characteristics with other system performance. Future works of the authors will proceed towards this second 

direction within the context of AGILE 4.0. 

Appendix 

The most important SysML elements used in the proposed model-based RAMS analyses are collected in the 

following tables. The OMG’s SysML version 1.4 [39] has been used as reference standard. The description of each 

element is adapted from [14]. 

A. Activity Diagram 

Diagram Element Notation Description 

Action 

 

It represents and action performed by the 

system during the activity. It is characterized 

by inputs and outputs. A sequence of actions 

defines a functional flow. 

Partition 

 

A set of activity nodes can be grouped into an 

activity partition (also known as a swim-lane) 

that is used to indicate responsibility for 

execution of those nodes. 

Send signal Action 

 

An activity can send signals using a send 

signal action. 

Table 1 Main elements of the SysML Activity Diagram [14] used for the model-based RAMS analyses. 

B. Internal Block Diagram 

Diagram Element Notation Description 

Part Node 

 

A part is a property of an owning block that is 

defined (typed) by another block. The part 

represents a usage of the defined block in the 

context of the owning block. 

Reference Node 

 

A reference property of a block is a reference 

to another block. 

Table 2 Main elements of the SysML Internal Block Diagram [14] used for the model-based RAMS analyses. 
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C. Sequence Diagram 

Diagram Element Notation Description 

Combined fragment 

 

A combined fragment can be used to model 

complex sequences of messages. This logic of 

sequence is determined by interaction 

operator (e.g. alt, par and opt)  

Lifeline 

 

A lifeline represents the relevant lifetime of 

an instance that is part of the interaction’s 

owning block, which will either be 

represented by a part property or a reference 

property (e.g. an actor or the component of 

another system). 

Synchronous Message 
 

A synchronous message corresponds to the 

synchronous invocation of an operation, and 

is generally accompanied by a reply message. 

Table 3 Main elements of the SysML Sequence Diagram [14] used for the model-based RAMS analyses. 

D. State Machine Diagram 

Diagram Element Notation Description 

Send signal node 
 

This node represents a send signal action. The 

signal’s name, together with any arguments 

that are being sent, are shown within the 

symbol. 

State 

 

A state represents some significant condition 

in the life of a block. Each state may have 

entry and exit behaviors, and a do behavior. 

Terminate pseudostate node 
 

If a terminate pseudostate is reached, then the 

behavior of the statemachine terminates. 

Transition 
 

Change events indicate that some condition 

has been satisfied. The transition can also 

include a guard and behavior/effect. 

Table 4 Main elements of the SysML State Machine Diagram [14] used for the model-based RAMS analyses. 
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