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Abstract

:

This paper proposes a model-based systems engineering (MBSE) methodology to design a first-stage separation system for a launch vehicle. It focuses on the whole process of system modeling, such as modeling the requirements analysis, logical architecture design, physical architecture design, and system verification and validation. Finally, the component requirements are obtained as the baseline for the component design. Requirements analysis is carried out by identifying stakeholders with the cycle modeling for this system and the use of case modeling to ensure that the requirements are comprehensive and correct. Additionally, the standard system requirements are obtained and baselined. Based on system requirements, the trade-off analysis of hierarchical functional architecture and key indicators was mainly carried out to design the logical architecture. Once the logical architecture was decided, the logical architecture was allocated to the physical architecture to be implemented. Several physical architectures are analyzed hierarchically to seek the optimal architectures. Then, other CAE analysis tools were integrated to verify the physical architecture design. All these processes are modeled and integrated as the authority system model, which benefits the system engineer for managing the requirement changes easier and rapidly provides multi-views for different roles.
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1. Introduction


Launch vehicles play a fundamental and critical role for human beings to explore space, and their technical capabilities determine the depth and extent of a country’s space exploration activities. In recent years, new technologies such as full three-dimensional computer-aided design (CAD) and product data management (PDM) platforms have been widely used in the development of next-generation launch vehicles [1], which have improved the product development efficiency of enterprises. In the field of system design, however, the document-based systems engineering method is still too dominant to be adopted, which restricts the complex system design capabilities. Therefore, it is urgent to explore and apply a new model-based system design paradigm to improve the leap-forward development and manage innovative and complex launch vehicle system designs [2].



As a promising technology to manage system design better, MBSE is a hotspot technology for the complex system development paradigm [3]. MBSE takes system modeling as its core and supports the processes of system requirements capture, function analysis, architecture design, comprehensive performance simulation, etc. Moreover, the system model is integrated with the other models developed in the life cycle and works as the authority model, which is an important way to decrease misunderstanding and improve the design consistency for complex systems [4]. Based on lots of industry practice, several MBSE methodologies were proposed, such as MagicGrid, Arcadia, and Harmony SE. These methodologies are a little abstract at the top level, which is a little difficult to guide in engineering projects [5]. David Kalsow and etc. developed the CubeSat project as a reference model using the MBSE approach from 2012 to 2018 [6,7,8,9,10]. These papers introduced an MBSE roadmap for a satellite project [7]. A mission-specific satellite model was established [8], while a correspondent validation strategy was developed [9]. All the information is a little fuzzy to be projected to the true engineering system design for the whole project. Moreover, logical architecture and physical architecture are not clearly stated in the CubeSat reference model [11]. This paper aims to develop the first-stage separation system of launch vehicles using the MBSE approach from the viewpoint of a system engineer. Additionally, it clearly introduces the full process, including requirement analysis, logical architecture design, physical architecture design, the validation and verification of these designed architectures, and finally, the component requirements are obtained. Moreover, while the whole authority model is built, there are lots of scenarios to use this system model in, such as requirement change analysis and providing different views for different roles and applications.




2. Research Progress


The concept of model-based design, model-based development, and model-based definition started with CAD and CAE in the 1960s. With the development of the CAD model as the baseline for system engineering, the PDM platform was developed in the 1980s, and PDM was integrated with CAD to improve the configuration management in collaboration with the model-based design. However, the activity of the system design is still document based, which is not formalized to support future intelligent design. In 2007, the model-based system design concept was explored, applied, and developed. A new paradigm named MBSE has been developed to cope with the increasing complexity of space missions and the development of complex space products.



At present, there are three leading ecosystems of MBSE [12]. One ecosystem is the OMG ecosystem. This ecosystem is led by the INCOSE association, supported by the Dassault core platform, and is applied to leading enterprises such as NASA, Boeing, Lockheed Martin, etc., which develop lots of achievements such as standards, tools, and lots of applications [13]. Standards include SysML language, SysPhs, methodology, etc. Tools include Magicdraw, Rhaposody, EA, etc. [14]. Another ecosystem is the France ecosystem. This ecosystem is driven by the PolarSys organization, relying on the application practices of leading enterprises, such as Thales and Siemens, and is supported by the core platform of Siemens [15]. A series of standard achievements, such as Capella, have been formed, and the Thales ecology has been continuously expanded [16]. The third ecosystem is the ISO ecosystem. This ecosystem is driven by the ISO organization and relies on the application practice of some leading enterprises, such as NASA and General Motors, with OPM as the core tool support [17,18]. A series of standard achievements, such as the OPL language, are formed to continuously expand the OPM ecosystem [19].



The most important feature of the ecosystem is the trinity system, which combines academic research in institutions such as INCOSE, software tool development in tool suppliers such as Dassault, and engineering applications in industries such as NASA and Dassault Aviation. The three-in-one system enhances each other and grows together to become the industry benchmark in their respective fields [20].



The exploration of the MBSE development paradigm in China is still at a preliminary stage. Along with the successful practice of MBSE in other countries, the exploration of the MBSE development paradigm in China has also entered a prosperous state, among which the Aviation Industry Corporation of China (AVIC, Beijing, China), Tsinghua University(Beijing, China), Beihang University(Beijing, China), China Aerospace Science and Industry Corporation Limited (CASIC, Beijing, China) and China Aerospace Science and Technology Corporation (CASC, Beijing, China)have carried out a lot of practical exploration work, forming a series of theoretical methods, software tools, practical cases, and other achievements [21].




3. The First-Stage Separation System Design Based on MBSE


3.1. The First-Stage Separation System


The separation system is an important sub-system of the launch vehicle. Its main function is to separate the parts of the rocket that have completed their scheduled work during the flight. By reducing the mass that is useless in further flight, the mass characteristics of the launch vehicle can be improved, and its carrying capacity can be increased. The first-stage separation system is mainly composed of three parts according to the functions of stage separation, namely, the connecting and unlocking device, the impulse separation device, and the detonation device. As a part of the launch vehicle, the separation system is related to every system on the launch vehicle, such as the general design, electrical system, power system, and structural system. Therefore, the design of the separation system has a wide representation in the launch vehicle design process.




3.2. Modeling Framework of the Separation System Adopting MBSE Approach


The MBSE modeling approach is a collection of related processes, methods, and tools that support the systems engineering regulations in a model-driven environment. It is the top-level guidance for system design. The magic grid methodology is typically adopted and applied to NASA’s spacecraft and Dassault Aviation’s aircraft. However, the public magic grid methodology is abstracted and described from the modeling approach viewpoint. This paper tailors the magic grid methodology and proposes the model framework and modeling process for the first-stage separation system design viewpoint, as shown in Figure 1.




3.3. Requirements Analysis of the First-Stage Separation System


Compared with traditional requirements analysis, requirements analysis by the MBSE approach formalizes the requirements expression, provides the stakeholder and full cycle viewpoint to check the requirements, builds the operational scenario to capture requirements, and flows down from the stakeholders’ requirements to system requirements and then to component requirements by quantitative analysis, architecture trade-off, and concept design. All these processes are standardized and formalized through SysML language.



The process of requirements analysis and modeling based on MBSE is as follows: first, we should capture requirements in three ways. One way is to identify the stakeholders to check who proposed the requirements, as shown in Figure 2. The second way is to define the life cycle process to check when the requirements were proposed, as shown in Figure 3. The third way is to design the scenario to check where the requirement was proposed, as shown in Figure 4. The stakeholders’ model, lifecycle process model, and use case model are baselined for requirement analysis. as shown in Figure 2, Figure 3 and Figure 4. Secondly, once the requirements are fully captured, the requirements should be itemized and standardized, following the industry standard specification. Thirdly, any functional requirements should be checked, and the performance of the function should be evaluated. Through the functional requirements comparison matrix with performance requirements, there are some performance requirements figured out. For example, tall functions in the first-stage separation system need to work safely under complex force constraints such as the first-stage engine thrust, the second-stage engine thrust, the electrical connector pull-out force, and the trachea pull-out force, etc. In order to validate and verify the requirements of safety separation, the minimum separation gap should be quantitively defined according to the experience or design mechanism. Through the continuous iteration of the above process, 58 requirements for the first-stage separation system were finally formed and can be used as the design basis for the separation system, as shown in Figure 5.




3.4. Logic Architecture Design of the Separation System for Key Parameters


The main purpose of the logic architecture design is to obtain the best system architecture among lots of alternatives. The traditional logical architecture design using the document-based systems engineering paradigm usually selects the empirical alternative and calculates the total impulse and number of rockets in multiple groups through simulation verification. The MBSE approach emphasizes the forward design process. The process is to analyze and refine the functions, perform the comprehensive clustering of functions to obtain components, and obtain the optimal composition of each component through index allocation. Then, the interaction and combination of functions are synthesized, and the interface design is performed. Finally, the optimal alternatives are obtained. For this system, the modeling process is as follows:



Firstly, the top-level functionality is obtained based on the system requirements, and the functional architecture is defined. When analyzing the operational scenario for the top-level functionality, there are two alternative logical architectures. One is separation once the other is separation twice. Based on the effective criteria, these two alternatives are traded off quantitatively, and then the proposal of separation once is better than the other, which is shown in Figure 6 and Figure 7.



To design the first-stage separation system of the launch vehicle, we should identify the measure of effectiveness (MOE) from the system requirements. MOE includes the reliability, weight, cost, and safety separation. etc. Then, MOE should be transformed into the measure of performance (MOP), which should be baselined for the index allocation. For example, the safety separation should be refined by the separation time, separation gap, and so on. Finally, all the MOP should be allocated to technical performance measures, which could be allocated to logical components. The index flows down from MOE to MOP and from MOP to TPM is complicated because of the complicated system, as shown in Figure 8. Anyway, there are three core parameters, such as the connection forces to combine the first and second stages of the rocket, the thrust force to throw away the first sub-stage, and the push force to ensure that the secondary propellant sinks to the bottom. There are still several alternatives for the parameter flowing down from the top level to the low level. The system engineer would build the evaluation criteria and then select the best alternative through trade-off analysis. Finally, the core parameters are calculated, as shown in Figure 9. Additionally, the three core parameter values are as follows:




	
The connection device needs to provide a connection force greater than 940,286 N.



	
The first thrust device needs to provide a total axial impulse greater than 168,000 N/s.



	
The device, to ensure propellant sinking to the bottom, should provide an axial thrust force greater than 293 N.








By integrating specific functions and assigning them to the logical entities and logical interfaces, the logical architecture of the first-stage separation system can be built, which is shown in Figure 10, and all of the indexes have been allocated to each logical component. As a result, the interfaces and parameters of the logical architecture will be determined. Hence, the logical architecture is shown in Figure 10.




3.5. Physical Architecture Design of the First-Stage Separation System Based on Model Selection Analysis


The physical architecture design of the first-stage separation system is a set of product units that achieve the required functionality and performance of the system within the performance constraints specified by the logical architecture. The physical architecture design is, therefore, the process of implementing a solution based on the logical architecture design.



Compared with the traditional separation system design, the physical architecture design of the first-stage separation system based on MBSE has a similar work content. It mainly completes the trade-off analysis of the physical implementation options, as well as the product selection analysis, and performs the comprehensive analysis of the physical composition to form the final physical architecture design results. Finally, the final selection results are taken as the basis for forming the final physical architecture design result and creating the interface model, and organizing and summarizing the interface information.



The specific modeling process is as follows: create a physical architecture model according to the logical architecture and establish a model of the inheritance relationship from the physical architecture to the logical architecture. First, a trade-off analysis of the implementation of the separation forces is carried out. By the quantitative trade-off analysis of the pneumatic connection unlocking device, explosive bolts, and linear connection unlocking device, the explosive bolts are chosen as the final solution. Then, the trade-off analysis of the types of explosive bolts is carried out, including the BLS-300C24-1 explosive bolt and BLS-300C24-2 explosive bolt. After quantitative trade-off analysis, BLS-300C24-1 is selected. After a series of analyses, the first-stage separation system physical architecture scheme is determined, as shown in Figure 11. Finally, the physical architecture design is completed by defining the physical interface model.




3.6. Validation and Verification of the First-Stage Separation System Based on the Object-Oriented Method


Compared with the traditional design method, this model-based first-stage separation system verification adopts “object-oriented concepts” that take the physical architecture as the test object, and validates objects from the functional verification, performance index verification, and interface verification.



In the functional verification process, the interaction between the components and the external system in the main functional scenario of the system is established using the SysML sequence diagram to complete the traditional time sequence design process. The mapping between the functions and requirements is described by establishing a relationship matrix (RM) to check that each function meets the requirements.



The verification of the performance indicators is the core element of the validation of the separation system. The key performance parameters for the separation process, including the separation distance, separation gap, and separation speed, need to be analyzed by ADAMS for rigid body dynamics. In this case, the standard data files and interface models are used to integrate the system model with the CAE simulation model.




3.7. Component Requirements for the First-Stage Separation System


After the architecture of the separation system is verified, the functions, indicators, interface models, and itemized requirements of each component can be generated from the system model. The component model and itemized requirements are baselined, and then the component designer takes it as the design input to move to the next step.





4. The Application Advantages of Using System Model in Engineering Activity


4.1. Requirement Changes Analysis Using the System Model


With t, the integrated system model, we can build the requirement change impact analysis process to support the system design, as shown in Figure 12. This integrated system model is split into two models. One model is the master model, and the other is the branch model. The branch model supports the requirement change analysis. Once the requirement is changed, the change impact domain analysis map is figured out through the meta-chain in the branch model. It is easier and quicker to locate the chain between the changed requirements and the related model elements, such as the architecture design model, verification model, and so on. Then, the related models are redesigned. Moreover, the verification model is simulated again, as shown in Figure 13. Compared with the master model and branch model, the change report is generated for the system engineer. Based on these two results analyses, the changed requirements and new system architecture are decided to be acceptable or not. If the change is accepted, the branch model will be merged with the master model, as shown in Figure 12 and Figure 13.




4.2. Multi-Views Based on Authority Model


The integrated system model is a full-feature model which includes the system design process and system definition. Different stakeholders from different viewpoints can obtain various design view models from this system model. In the design process of the separation system, the interface control document, component requirements, flight procedures, system layout, etc., can be generated from the system model automatically, as shown in Figure 14, Figure 15, Figure 16 and Figure 17.





5. Conclusions


In this paper, the MBSE approach is applied to design the first-stage separation system. This paper tailored the magic grid methodology and proposed the modeling framework, which could be suitable for similar dynamic and transient systems, such as the rocket system. A set of modeling for the requirements of the flow down is demonstrated; the logical architecture and physical architecture are designed and follows the framework. Moreover, the system design is verified and validated by integrating the Adams simulation model, which makes the system model as the authority model. In addition, using this system model in a requirement change analysis scenario shows that the MBSE approach has obvious advantages for system engineering. Of course, it is more rapid to provide multi-view information for other users, which is better than a document-based approach.
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Figure 1. Model framework of the separation system. 
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Figure 2. Who proposes requirements. 
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Figure 3. When requirements are proposed. 
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Figure 4. Where requirements are proposed. 
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Figure 5. Requirements for the first-stage separation system. 
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Figure 6. Two alternatives of separation once and separation twice. 
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Figure 7. The tradeoffs result in functional architecture. 
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Figure 8. Flow down from MOEs to MOP to TPMs. 
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Figure 9. Calculation of submerged thrust. 
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Figure 10. Logical compose of first-stage separation system. 
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Figure 11. Physical architecture of first-stage separation system. 
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Figure 12. Requirement change impact analysis process. 
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Figure 13. The change in key parameters. 
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Figure 14. Interface control documents. 
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Figure 15. Component requirements. 
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Figure 16. Flight procedures. 
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Figure 17. System layout. 
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