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Abstract: Satellite design process is an interdisciplinary subject in which the need for collaboration among various science and engineering disciplines is evident. Meanwhile, finding an optimal process for conceptual design of a satellite, which can optimize time and cost, is still an important issue. In this paper, based on system engineering approach, an optimal design process is proposed for LEO satellite constellations. In the proposed method, design process, design sequences, and data flow are established. In this regard, the conceptual design process is divided into two levels of mission (or constellation) and system (or satellite) as well as 15 main activities based on the mission profile, previous experiences of the authors, and existing literature. Then, the relationships between these activities have been determined by considering the importance of relationships according to their priority. Finally, these relations are optimized based on design structure matrix (DSM). By utilizing this approach, system design process of a telecommunication satellite constellation in LEO is formulated in conceptual design phase. Performance and capability of the proposed approach in optimal design process of the satellite constellation are investigated by comparing the outcome with existing results in the literature.
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1  Introduction

Employing a satellite to satisfy complex missions such as the coverage of an extensive region has limitations. Satellite constellation can be replaced as an effective solution to perform complex missions. Although the use of satellite constellation can reduce some complexities and costs in space missions, adopting a suitable method for designing constellation is challenging [1].

Space technology is categorized in multidisciplinary industries which need the cooperation of different disciplines of science, from various engineering fields to economics and project management. All these suggest that system engineering is a crucial issue in design of space systems. These reasons highlight the importance of using systematic methods to improve the design procedures of space systems and to understand the relationship between design parameters. Finding an optimal solution for the conceptual design of a satellite that can minimize time and cost is still a challenging issue. Indeed, establishing a systematic procedure to remove critical design loops and reduce the time of design process are important in design of space systems [2].

Planning for agile system design has been carried out in some space projects [3,4]. In recent years, several efficient tools have been developed to improve system design of the satellites. MUSSat is an efficient tool for satellite system design, which was proposed based on various models derived from satellite data banks. In MUSSat, according to taken data from existing satellites, a model and the relationship between design parameters are presented [5]. System engineering module (SEM) is another tool provided to develop satellite system design. In SEM, a data bank is used to estimate the relationship between the design parameters in a graphical environment. SEM is more complete than MUSSat, and considers the design at a sub-system level [6]. A system level tool for conceptual design was also proposed based on an estimated model of data banks. This tool has been designed for nano-and microsatellites [7]. Mirshams et al. [8] presented a system engineering tool for platform conceptual designof GEO satellites. Fakoor et al. [9] proposed SCALE as an efficient optimization tool for layout design of satellites considering different constraints. Chang et al. [10] proposed a system engineering design tool (SEDT) for the conceptual design phase of the satellites. SEDT provides system and subsystem budgeting considering inputs such as mission type, orbit, and specifications of subsystem. Note that most of the proposed models for satellite conceptual design are based on statistical data. The difficulty in gaining accessing to statistical information is a major problem of these methods.

Design Structure Matrix (DSM), presented by Steward [11], is a system engineering tool that provides a visual, simple, and compact representation of complex systems [12,13]. One of the most important functions of DSM is improving the design processes. The design process of a space project, such as a satellite, involves a collection of various activities that will work together and in close interaction with each other. Failure to correctly identify the interactions and the inappropriate sequence of activities can lead to longer time and higher cost of the project, or even the failure of the entire project [14]. The DSM can help in better understanding the system by displaying appropriate interactions between various activities or working teams. Also, DSM has been utilized for optimizing the design process of complex projects such as satellites. DSM is widely used in engineering projects for the design of complex systems with several subsystems [15–20]. In this regard, Qiao et al. [21] utilized DSM to design a formation flying for synthetic-aperture radar (SAR) satellites. Several studies have also been conducted on the combination of DSM with management concepts [19]. Lee et al. [22] combined DSM and the work breakdown structure (WBS) to propose a process for decomposition and integration of complex projects.

Based on the presented literature, so far, there has been no specific approach for conceptual design of satellite constellation [23] as a specific and multi-level process by providing details of the relationship of activities and work teams.

In this paper, in order to obtain the optimal system design process for the constellation satellite system, firstly, based on the mission profile of the constellation, the design process is broken down into two main levels of activities and the relationships between different activities are examined. All relationships among different activities in the conceptual design process of LEO satellite constellations are identified carefully. The system design process is characterized by DSM and optimized to achieve the best design sequence. In the employed method, design loops are minimized significantly.

A telecommunication satellite constellation is considered as a case study. The mission transfers data to ground stations. This constellation consists of a number of similar satellites that are connected together and can send data directly or through inter-satellite links (ISL) to ground stations. Accordingly, in order to complete the mission, a number of similar satellites are required which can also use the necessary facilities to support the mission in addition to the equipment for transmitting data and inter-satellite links. The performance and capability of the proposed method in the optimal design process of the satellite constellation are validated based on the available literature.

2  Overview of Design Structure Matrix (DSM)

One of the common problems in large and complex projects is the existence of design loops that introduce complicated problems in determining the design activity sequence, and increase the time of design process. In large and complex engineering projects such as space projects, due to ambiguity, complexity, and numerous variables, the existence of design loops is inevitable. Nevertheless, the fact is that many of the common loops in these projects are avoidable, but due to the large number of parameters and activities, the actual analysis of the loops cannot be done by humans using common tools. Via design structure matrix (DSM), unnecessary design loops could be eliminated and unavoidable ones can be minimized. The presence of each element above the main diagonal of DSM matrix represents a loop. The simplest way for optimizing the design loops is to make DSM a triangular bottom matrix. Sometimes, all design loops cannot be completely eliminated, due to the interdependence of different elements to each other. In these cases, the remaining design loops should be shortened as much as possible to reduce the time and cost of the project. To do this, the elements closer to the main diagonal should be drawn [13]. After employing these algorithms, the following sub-processes that can be done independently of each other could be identified. Even if a loop remains, the loop is usually defined as an independent activity. When the number of elements grows, employing the mentioned algorithm is extremely difficult for a human. In these cases, computer and numerical solutions could be utilized. The important issue about discovering the dependence of activities on each other and completing the DSM is that, in complex systems such as the satellite constellation, almost all main components have interfaces with each other, but not all interfaces have an equal priority in the design process. Thus, according to the priority of the interfaces, the design process will be defined.

As a conclusion, it could be stated that for employing DSM and extracting the optimal process, first, the process should be broken into some activities with similar weights, then the interfaces between the activities will be specified. As mentioned, in some cases, it is necessary to determine the level of priority of the interface (Weighted-DSM), or that only high priority interfaces are introduced into the matrix. Then, the matrix is formed and completed, and finally the matrix is optimized based on the mentioned algorithms. Note that in this research, DSM was employed to develop the design process of LEO telecommunication satellites. All activities are divided into two priority levels and only high-priority interfaces are introduced in the matrix.

3  Process Breakdown into Major Activities at Mission and System Levels

The present research attempts to achieve optimal conceptual design of satellite constellation. In this regard, the goal is to define an optimal design process where the input of each step would be produced at the end of the previous step. For this purpose, the mission profile of the satellite constellation should be investigated based on the system operation. Different functions should be performed during operation modes and the relationship between different activities should be defined based on the mission profile.

Based on the opinions of satellite chief designer, requirements of subsystems, and the available experiences in our design team, system design process is broken into two mission levels (constellation) consisting of seven activities and system level (satellite) including eight activities (15 total activities with the same weight). The output of higher design levels provides input for lower levels. The list of 15 main activities and related explanations are reported in Table 1.
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Note that the input of this step is the customer's need, while the output provides suitable sequencing for design activities. Another input for the interface matrix with a high priority level between the activities will be presented in the next section.

In the following, the interface between different activities is established. Nevertheless, with more careful consideration, it becomes clear that the two factors cause errors in these cases: “indirect relationship” and “mutual relationship”. In the case of indirect relationship, two subsystems are interrelated to each other with an intermediate subsystem, while mutual relationship refers to the common case in which subsystems have a two-way relationship. Note that in mutual relationship, requirements of the stronger route should be considered. The basis of this priority is customer requirements, environmental and technological constraints, as well as generally high-order constraints and requirements. These priorities will be determined based on the experience of previous designers on similar satellites.

The next step attempts to use the design structure matrix for analyzing the interfaces and for defining as well as extracting the process. The lack of proper recognition of indirect and direct interdependencies or neglecting high-order requirements and constraints could complicate DSM and its analysis. Such a process, especially at the conceptual design level, will affect the time and cost of the project. It was not possible to pass through this step only by relying upon the experience of experts and with a systematic approach. In the following, some examples of these priorities are presented:

• The assumption is that the orbital pattern has been designed based on the mission profile; accordingly the launcher, launch window, propulsion, and similar items are determined.

• Launcher determines the inclination.

• The launch time must satisfy the constrain of launch window.

• The inter-satellite communication is base and the communication platform of the satellites is determined based on ISL.

It is emphasized that design of each subsystem is implicitly dependent on the design of all other subsystems. This leads us to a complicated design process. Thus, with a simplified assumption, two categories of subsystem interfaces are defined. The first category is high-priority interfaces and the second is normal priority. In this section, each activity is described and high-priority interfaces are recognized.

The next section presents more descriptions about different working teams, their interactions, interfaces, and the design plus information flow. Also, all priorities in interfaces will be recognized and described. The output of this step is sequencing conceptual design process, specific outputs of each step, and pattern of information flow between working teams.

3.1 Mission Level

3.1.1 Mission Definition (MD)

In mission definition phase, the customer's need converts to technical and engineering requirements. MD takes input from the client’s requirement, which is the highest level, and does not take any input from the mission level. Based on the output of this phase, the scope of statistical studies is determined and it also determines which category of international rules regarding the system is necessary to be investigated. The output of this step is the main features of the mission of the satellite constellation, including the coverage area and the mission life [24,25].

3.1.2 Performing Statistical Studies

According to the defined mission, statistical studies are carried out on similar systems to estimate the total mass, total volume, total power, the orbital parameters, and the number of satellites required for the system and similar items. The results of this step could be used in “determination of technical budget” and “orbit design” activities.

3.1.3 Investigation and Consideration of International Laws

Considerations of international laws and regulations relating to telecommunication frequencies applicable to satellite communications (space-to-space) are the most important issue in design process of satellite constellation. Based on the output of the “mission definition”, this activity can be initiated and the output of this activity will be a good input for “determination of technical budget” activity.

3.1.4 Selection of the Appropriate Launcher

Before designing satellite constellation, it should be ensured that there is a suitable launcher. The proper launcher should be able to carry the satellites with specific mass and volume at the desired height. On the other hand, there are limitations in selection of the launcher. The number of launchers that can be selected in a space project is limited. Electromagnetic effects and interactions of the launcher on the satellite as well as the effect of launcher vibrations in different phases and modes are related to the normal priority level. Although they are ignored in completing the DSM, but at the time of designing the process, these are of interest issue.

3.1.5 Determination of Technical Budget (Mass, Power and Overall Dimensions)

The satellite’s technical characteristics such as mass, power and volume are estimated based on statistical data. However, due to the limited choice of launcher, these features may not be compatible with the ability of selected launcher. In these cases, unfortunately, technical specifications could be changed to match the launcher limitations. Therefore, we must return to the mission profile and change the mission and high order requirements. In these cases, the technical characteristics can affect the mission definition.

3.1.6 Orbit Design Activity

Orbital design requires large number inputs from MD. In the cases where there is a limitation in choosing the launcher, the appropriate launcher should be selected firstly, and then the orbit design should be performed. Therefore, based on the launcher’s ability and predicted weight for the satellite, as well as based on statistical studies previously performed on the basis of the mission, the orbital features will be determined so that the constellation can provide the mission properly. In orbital analysis of the constellation, number of orbital planes, inclination, orbit height, and the number of satellites in each plane will be determined. One of the outputs of orbit design activity is the number of satellites necessary to carry out the mission of the constellation and the distance between the satellites. The distance between satellites will be an important input for payload design activities and ISL. Other outcomes of this step are the height of the orbit, which allows us to determine the atmospheric drag for the design of the attitude control subsystem. Also, the outputs of this activity, such as the height of the orbit and the atmospheric drag at this height, will be important inputs for the design of the propulsion subsystem. Utilizing these inputs, technical characteristics for orbital maneuvers are determined. Eclipse time and similar items that are output of orbital design activity will be important inputs for design of the power and the thermal control subsystems. The orbit design will determine the accuracy of the pointing for the attitude control subsystem and it will also be effective in designing the propulsion subsystem [26–28].

3.1.7 Payload and ISL Design Activity

Payload is one of the most important subsystems in the design process of each satellite, because the main mission is performed by means of the payload, and all other subsystems are providing a platform for the payload. ISL will send satellite data to the other satellites which have access to ground stations when the satellite is not over ground stations, to meet the requirement of timely sending data. The design of the inter-satellite link subsystem is a multidirectional design. Particularly, the design of this subsystem generally influences other subsystems and it also specifies their specifications. The interface between activities and data flow at the mission level has been illustrated in Fig. 1. The links of activities and data flow between the level of the mission and the system level have been presented in this figure.
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Figure 1: The interface between activities and data flow at the mission level

In the case of the payload subsystem, it is necessary to determine the link budget by satellite mission. Flowchart of activities in payload subsystem is presented in Fig. 2.
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Figure 2: Flowchart of activities in payload subsystem

3.2 System Level of Constellation (Satellite)

The considered constellation includes number of satellites that are capable to send data to the ground stations and also equipped with inter-satellite links. The satellite system consists of two main parts of the payload and platform. The payload (PLD) consists of inter-satellite link (ISL), which supported by seven other subsystems including electric power supply (PWR), telecommunication (TTC), attitude control (ACS), structure and mechanism (STR), propulsion (PROP), thermal control (TCS) and on-board computer (OBC).

3.2.1 Activities for Telecommunication Subsystem Design

The task of the telecommunication subsystem (TT&C) is establishing satellite links with the ground station. This subsystem should satisfy two main requirements, i.e., transfer mission data to the ground station and receive telemetric and the other appropriate commands from ground stations. Therefore, this subsystem should be ready in all time. In designing TT&C, it is necessary to determine the link budget based on the defined mission with the help of the design team of the inter-satellite links. Revisit time and access time are also required to determine and design the type of telecommunication antenna and other related items that, this data will be provided by the orbit design team. The designer of this subsystem should be reported the amount of generated heat, the amount of power required, the amount of information processing and the mass of the subsystem to the design team [29–31]. Flowchart of activities in TT&C subsystem has been shown in Fig. 3.
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Figure 3: Flowchart of activities in the telecommunications subsystem (TT&C)

3.2.2 Activities for Attitude Control Subsystem (ACS) Design

ACS has two main tasks of attitude determination and control of the satellite. In this regard, firstly, position of each satellite should be determined utilizing sensors, such as sun and star sensors. Then, position of the satellite should be controlled and placed into the desired attitude in orbit using related actuators such as reaction wheels and magneto-torquer. Most of the ASC design requirements (such as pointing accuracy) and inputs (such as moments of inertia and center of mass) are taken from payload and structure subsystems. This subsystem, also declares mass, dimensions, produced heat, the amount of data processing, and its required power to the corresponding subsystems. The effects of disturbances and atmospheric drag on satellite attitude control should be analyzed having orbital data. There will be a very important loop between attitude control subsystem and structural team for the link between the total mass, the location of the center of mass and the moment of inertia, and the control of the status of the satellite [32,33]. Flowchart of design activities for attitude control subsystem is presented in Fig. 4.
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Figure 4: Flowchart of design activities for attitude control subsystem (ACS)

3.2.3 Activities for Propulsion Subsystem Design

After separation of the satellite from the launcher, the propulsion subsystem has two main tasks. The first one is orbital transfer in which the satellite should be placed in an appropriate position in the constellation [34] and in a suitable orbit. The other one is orbital modification. Orbital disturbances, atmospheric drag and gravity are the most important parameters which divert satellites from their original orbit. In this situation, depending on the mission profile, the orbital modification process will be carried out by the propulsion subsystem. Mass, dimension, generated heat and orbital life time are the most important considerations included in the design of this subsystem. In design of the propulsion subsystem, there is almost no initial dependence on system level activities and the main inputs of this activity are received from the mission level. The mission life is usually determined by the consumable masses such as the amount of fuel prepared for propulsion subsystem. Therefore, orbital design team should report all orbital requirements and consequently type and the amount of the fuel can be determined by propulsion team. The total mass of the satellite for technical calculations should be provided for the propulsion subsystem from the final output of the technical features. Flowchart of design activities for propulsion subsystem is illustrated in Fig. 5.
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Figure 5: Flowchart of design activities for attitude control subsystem (ACS)

3.2.4 Activities for Structure and Mechanism Subsystem Design

The structure and mechanism subsystem are composed of two main parts. The first part is the main structure which is responsible for maintaining various subsystems in an appropriate place to satisfy the system level requirements. The second part is the mechanism of the antenna and solar arrays if necessary. The dimensions and geometry of the satellite are limited to available space in fairing. According to the requirements determined by the higher order activities and the requirements of the system level, the overall configuration and layout of the satellite is determined [35]. Mass parameters of satellite constellation such as the total mass of each satellite, center of mass position for each satellite, and moment of inertia should be calculated in this subsystem. Selection of appropriate material and design of the structure, as well as the establishment of the mechanical joint in order to connect and bear the loads, are the most important activities that should be performed in STR subsystem. Quasi-static load and vibrations applied from the launcher in different stages and phases are the most important parameters in the design of satellite structure. Other inputs of the structure and mechanism subsystem are the output of the technical characteristics, including the mass and total dimensions of the satellites. Also, after selecting the launcher, the operating frequencies produced by the launcher and the interface characteristics should be declared to the structure and mechanism subsystem. On the other hand, the design teams of all subsystems should report the mass and dimensions of the corresponding subsystem as well as technical requirements for the layout of each sub-system. For example, some subsystems have certain requirements such as certain temperature for their function or certain magnetic condition and etc. TT&C antennas and also inter-satellite link antennas have their own placement requirements [36]. Finally, the design team of the structure and mechanism subsystem should announce the final mass budget assigned to each sub-system. Also, the structural team should be reported the final total mass, final center of mass position and moment of inertia to the design team of attitude control subsystem. Another mission of the STR team is the design of proper mechanism with the considerable accuracy. This will be done with the joint collaboration of the structure and mechanism subsystem, and the ACS. The required accuracy for mechanisms is based on the necessity determined by mission level for the payload and telecommunication subsystem. Another important point about the design of the structure and mechanism subsystem is the attention to mission profile and events which is encountered during the time of construction and transportation, launch and when the satellites are placed in the network of the constellation. Considering the effects of shocks and vibrations produced by land transport, launcher, separation and the propulsion effect of the propulsion subsystem to place in the right position within the network of constellation and orbit modification, and also considering the effect of disturbances and atmospheric drag on structures and mechanisms are other issues that should be addressed to the mechanism subsystem design team [37,38]. Flowchart of activities in structure and mechanism subsystem is shown in Fig. 6.
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Figure 6: Flowchart of activities in structure and mechanism subsystem (STR)

3.2.5 Activities for Electric Power Supply Subsystem Design

Main tasks of electric power supply subsystem are supplying, storing and distributing power between satellite subsystems. The specification of this subsystem is determined with respect to different requirements, such as power consumption of each subsystem. Based on the total required power of the satellite, power subsystem dictates utilizing deployable solar arrays or installing solar arrays on the satellite body. Measurements associated with satellite batteries are also being used to provide solar eclipse orbit energy. Limitations of battery charging should be considered in solar array design. It is also necessary to design other relevant elements for energy dispensation in all electric, electronic and electromechanical (EEE) equipment. In this regard, designers of subsystems should announce the required power to the electric power supply subsystem, and eventually the power subsystem design team allocates power to each subsystem considering limitations and requirements. Power budget is one of the most important parameters that should be announced by the system engineering team to any of the subsystems as the starting point of design. But the basis for designing power subsystem is the values that are declared as the requirements of each subsystem. Eventually, this loop will be determined and finalized during the sessions of the system engineers and the power team [39]. Flowchart of design activities in electric power supply subsystem (PWR) is presented in Fig. 7.
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Figure 7: Flowchart of activities in electric power supply subsystem (PWR)

3.2.6 Activities for On-Board Computer Subsystem Design

The on-board computer (OBC) subsystem provides processing requirements, memory for storing telemetric data, and hardware interfaces for satellite equipment. In addition to mentioned tasks, this subsystem should send appropriate control commands to different subsystems based on planned mission [40]. To design this subsystem, design engineers in all subsystems must announce the amount of data processing in their subsystem to the on-board computer subsystem. OBC, like the other subsystems, will report generated heat, required power and mass to the corresponding subsystems. Flowchart of activities in OBC subsystem is illustrated in Fig. 8.
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Figure 8: Flowchart of activities in the on-board computer subsystem (OBC)

3.2.7 Activities for Thermal Control Subsystem (TCS) Design

TCS satisfies temperature requirements for the optimal performance of each subsystem. The design inputs of this subsystem are the layout and optimum thermal condition for each subsystem, operating scenarios, power dissipation and heat generation in the subsystems. After thermal analysis, the thermal design of the satellite is provided and its considerations apply to the design of other subsystems. In this regard, all subsystems must declare their generated heat to TCS. Generally, calculation of heat in this subsystem should be done based on the power dissipation. On the other hand, the orbit and the condition of the satellites in space and the heat transfer to the environment is another source of production or loss of heat. The thermal control subsystem cooperates with structure and mechanism subsystem for layout of different subsystems [41,42]. Flowchart of activities in thermal control subsystem is presented in Fig. 9.
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Figure 9: Flowchart of activities in thermal control subsystem (TCS)

3.3 General Design Flow

The graph of links between the main activities that are being extracted from the above explanation has been presented in Fig. 10. Based on this figure, it is clear that exchanged parameters between two activities and two teams are not defined in this figure and just this figure determine exchanged information between two activities and teams. In other words, there is talk about the “existence” of data exchange and data flow but in Fig. 10, there is no discussion about exchanged parameters. In the design structure matrix (DSM) just the existence of exchange is important and exchanged parameters are not reported. Although, knowledge about exchanged parameters could be useful in design process and these parameters will be displayed in the final process.

[image: images]

Figure 10: High-priority relationships between the main activities of the conceptual design of the constellation

4  Extracting Optimum Process and Relations between Activities

4.1 Design Structure Matrix (DSM) to Optimize Design Process

As mentioned in the previous sections, to achieve a system design process based on DSM, initially the design process should be broken into smaller activities. Then, the interfaces between different activities should be determined and design structure matrix should be formed based on the discovered interfaces. In this research, the process was divided into 15 main activities; based on sufficient knowledge of the system and mission profile of the satellite constellation, higher order interfaces were identified between the activities. Now, DSM could be set up for the 15 main activities based on discovered interfaces with the high priority level. The initial form of the design structure matrix (DSM) for LEO satellite constellations is illustrated in Fig. 11.
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Figure 11: Initial form of DSM for conceptual design of the LEO satellite constellation

The optimized DSM is shown in Fig. 12. As explained earlier, the links shown in Fig. 10 indicate that each activity delivers at least one high priority data to another activity as an input. Based on Fig. 10, it could be concluded that the design loops are created between the technical specifications and the launcher selection. There are also design loops after the attitude control subsystem. The final results of DSM analysis and the final process extracted will be presented in the next section.
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Figure 12: Optimized DSM for the conceptual design of the LEO satellite constellation

4.2 Extraction of the Design Process from DSM

Based on the optimized DSM (Fig. 12), the system design process of LEO satellite constellations has been presented in the conceptual design phase in accordance with Fig. 13.

This process represents the design path and the main design loops. This process is based on high priority links. In order to complete the design of the system in accordance with the purpose of this research, inputs and outputs of each step should be determined. Also, data flow between different working teams should be identified. This data flow is presented in Fig. 12. The mentioned figure has been set out in Section 3 and all links shown in this figure have been explained in Section 3. Based on this figure, the system is designed in accordance with the initial requirements. The design flow with the help of large arrows shows what the overall design process is and the data flow has been specified between the working teams. Note that the output of each team's activity as well as the necessary design elements will be determined at the conceptual design level of LEO satellite constellations.
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Figure 13: The system design process for the Leo satellite constellation

5  Validation

In this section, to investigate the performance and capability of the proposed method in the optimal design process of satellite constellation, the results of this method are compared with the existing results in the literature. The conceptual design process for a satellite has been presented in [43]. The subsystem design procedure proposed in the a forementioned manuscript is as follows:


Payload, structure, attitude control, telecommunications, on-board computer, power supply and thermal control.



The interfaces shown in Fig. 10 will also be valid for the satellite under discussion in [43] (since the satellite class is the same). Thus, DSM can be inversely formed for the [43] with the same assumption of interfaces between subsystems in this research and the mentioned manuscript. In this regard, DSM is initially formed based on the interfaces between system elements and then optimized. The conceptual design processes of a satellite using DSM in [40] and our proposed method have been presented in Fig. 14. Comparison of two DSMs reveals that the numbers of unproduced design data, i.e., the marked elements above the main diagonal of DSM, have decreased significantly, which will lead to an agile design process.
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Figure 14: Comparison of suggested conceptual design in this paper and [43]

The same comparison can be performed for the other processes proposed presented in [10] as shown in Fig. 15A and the process proposed in this paper as displayed in Fig. 15B. Comparing these DSMs, 12 design requirements can be recognized for the lower levels which are not available in the DSM proposed of [10], while the number of unproduced design data in our presented procedure is seven.
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Figure 15: Comparison of proposed conceptual design in this paper and [10]

For more clarification, the results reported in Figs. 14 and 15 have been tabulated in Table 2. As can be found from this table, the presented approach contains fewer loops.
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6  Conclusion

In this research, design processes for LEO satellite constellations have been optimized based on a system engineering approach. Design structure matrix (DSM) is a powerful design tool for the system analysis. DSM has been used for optimizing the dependency of design parameters driving in the satellite conceptual design phase. The designed process was optimized by eliminating redundant loops and shortening design loops by relying on a systematic approach. The interfaces between parameters of the system in the proposed method were extracted by examining the life cycle of the product, carefully inspecting the mission profile, exploring the details of the “functions” and “activities” in the satellite constellation, as well as based on the formulation and computational relations, and the search for scientific resources plus the use of previous experiences. It was also attempted to reduce the complexity of the system by categorizing activities, creating and optimizing structures, assigning activities precisely and one-to-one to working teams, and specifying the flow of data. Finally, for investigating the performance and capability of the proposed method in the optimal design process of satellite constellation, the results of this method were compared with existing results in the literature. This comparison proved that the approach proposed in this paper reduced the cost and time of conceptual design process of a satellite constellation significantly.
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Table 1: 15 main activities in mission and satellite levels

No. Level Activity Nomenclature

1 Mission (constellation) Mission Definition M.D

2 Performing statistical studies Statis.

3 Investigation and consideration of Int. Laws
international laws

4 Selection of the appropriate launcher LNCH.

5 Determination of technical budget (mass, Tech. Budg.
power and overall dimensions)

6 Orbit design Orb.

7 Payload design PLD

8 System (satellite) Design of telecommunication subsystem TT&C

9 Design of attitude control subsystem ACS

10 Design of propulsion subsystem PROP

11 Design of structure and mechanism STR
subsystem

12 Design of electric power supply subsystem  PWR

13 Design of on-board computer subsystem OBC

14 Design of thermal control subsystem TCS

15 Preliminary design Pre. D.
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Table 2: Number of required initial guesses (RIG) for each sub-system

PLD PWR STR ACS TT-C TRM OBC Total

Reference [10] 6 5 1 12
RIG  Reference [43] 0 1 5 0 0 0 2 8
Presented approach 0 2 3 1 0 1 0 7
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