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Forward

This handbook is adapted from the NASA Systems Engineering Handbook Rev 2: NASA/SP-2016-6105 REV 2
and specifically tailored for use in the United States Naval Academy’s Small Satellite Program. It is about a third
of the size of the original NASA publication and it is specifically aimed at covering the most consequential
systems engineering processes to increase the likelihood of success of undergraduate capstone teams endeavoring
to conduct Small Satellite development projects with limited schedule, budget, and personnel resources.

Project Team Formation

One of the challenges of small-scale engineering development projects such as the capstone projects this
handbook is made for is that a limited number of team members can leave members with multiple cumbersome
responsibilities. Therefore, it is recommended that depending on the size of the project team, responsibilities and
activities be allocated to the team members based on the schedule in Table 1.

Table 1 Recommended Schedule of Team Member Allocation
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1.0 Design Solution Definition

The Design Solution Definition Process is used to translate the high-level requirements derived from stakeholder
expectations and the outputs of the Logical Decomposition Process into a design solution. This involves
transforming the defined logical decomposition models and their associated sets of derived technical requirements
into alternative solutions. These alternative solutions are then analyzed through detailed trade studies that result in
the selection of a preferred alternative. This preferred alternative is then fully defined into a final design solution
that satisfied the technical requirements. This design solution definition is used to generate the end product
specifications that are used to produce the product verification. This process may be further refined depending on
whether there are additional subsystems of the end product that need to be defined.

1.1 Process Description
The activities of the Design Solution Definition Process are described below.

1.1.1 Inputs
The inputs for this process are:

o Technical Requirements: These are the customer and stakeholder needs that have been translated into a
complete set of validated requirements for the system, including all interface requirements.

e Logical Decomposition Models: Requirements are analyzed and decomposed by one or more different
methods (e.g., function, time, behavior, data flow, states, modes, system architecture, etc.) in order to gain
a more comprehensive understanding of their interaction and behaviors.

1.1.2 Process Activities
The process activities of the Design Solution Process are defined in detail below:

o Define Alternative Design Solutions: The realization of a system over its life cycle involves a
succession of decisions among alternative courses of action. If the alternatives are precisely defined and
thoroughly understood to be well differentiated in the cost-effectiveness space, then the systems engineer
can make choices among them with confidence.

e Create Alternative Design Concepts: Once it is understood what the system is to accomplish, it is
possible to devise a variety of ways that those goals can be met. Sometimes, that comes about as a
consequence of considering alternative functional allocations and integrating available subsystem design
options, all of which can have technologies at varying degrees of maturity. ldeally, as wide a range of
plausible alternatives as is consistent with the design organization’s charter should be defined, keeping in
mind the current stage in the process of successive refinement. When the bottom-up process is operating,
a problem for the systems engineer is that the designers tend to become fond of the designs they create, so
they lose their objectivity; the systems engineer should stay an “outsider” so that there is more objectivity.
This is particularly true in the assessment of the technological maturity of the subsystems and components
required for implementation. There is a tendency on the part of technology developers and project
management to overestimate the maturity and applicability of a technology that is required to implement a
design. This is especially true of “heritage” equipment. The result is that critical aspects of systems
engineering are often overlooked.

¢ Analyze Each Alternative Design Solution: The technical team analyzes how well each of the design
alternatives meets the system objectives (technology gaps, effectiveness, technical achievability,
performance, cost, schedule, and risk, both quantified and otherwise). This assessment is accomplished
through the use of trade studies. The purpose of the trade study process is to ensure that the system



architecture, intended operations (i.e., the ConOps) and design decisions move toward the best solution
that can be achieved with the available resources.

Select the Best Design Solution: The technical team selects the best design solution from among the
alternative design concepts, taking into account subjective factors that the team was unable to quantify,
such as robustness, as well as estimates of how well the alternatives meet the quantitative requirements;
the maturity of the available technology; and any effectiveness, cost, schedule, risk, or other constraints.

Increase the Resolution of the Design: At each level of decomposition, the baselined derived (and
allocated) requirements become the set of high-level requirements for the decomposed elements, and the
process begins again. One might ask, “When do we stop refining the design?” The answer is that the
design effort proceeds to a depth that is sufficient to meet several needs: the design should penetrate
sufficiently to allow analytical validation of the design to the requirements and ConOps; it should also
have sufficient depth to support cost and operations modeling and to convince a review team of a feasible
design with performance, cost, and risk margins.

Fully Describe the Design Solution: Once the preferred design alternative has been selected and the
proper level of refinement has been completed, then the design is fully defined into a final design solution
that will satisfy the technical requirements and ConOps. The design solution definition will be used to
generate the end product specifications that will be used to produce the product and to conduct product
verification. This process may be further refined depending on whether there are additional subsystems of
the end product that need to be defined.

Verify the Design Solution: Once an acceptable design solution has been selected from among the
various alternative designs and documented in a technical data package, the design solution should next
be verified against the system requirements and constraints. A method to achieve this verification is by
means of a peer review to evaluate the resulting design solution definition.

Validate the Design Solution: The validation of the design solution is a recursive and iterative process.
Each alternative design concept is validated against the set of stakeholder expectations. The stakeholder
expectations drive the iterative design loop in which a straw man architecture/design, the ConOps, and the
derived requirements are developed. These three products should be consistent with each other and will
require iterations and design decisions to achieve this consistency. Once consistency is achieved,
functional analyses allow the study team to validate the design against the stakeholder expectations. A
simplified validation asks the questions: Does the system work as expected? How does the system
respond to failures, faults, and anomalies? Is the system affordable? If the answer to any of these
guestions is no, then changes to the design or stakeholder expectations will be required, and the process is
started over again. This process continues until the system— architecture, ConOps, and requirements—
meets the stakeholder expectations.

Identify Enabling Products: Enabling products are the life cycle support products and services (e.g.,
production, test, deployment, training, maintenance, and disposal) that facilitate the progression and use
of the operational end product through its life cycle. Since the end product and its enabling products are
interdependent, they are viewed as a system. Project responsibility thus extends to responsibility for
acquiring services from the relevant enabling products in each life cycle phase. When a suitable enabling
product does not already exist, the project that is responsible for the end product can also be responsible
for creating and using the enabling product.

Baseline the Design Solution: Once the selected system design solution meets the stakeholder
expectations, the study team baselines the products and prepares for the next life cycle phase. Because of
the recursive nature of successive refinement, intermediate levels of decomposition are often validated
and baselined as part of the process. In the next level of decomposition, the baselined requirements
become the set of high-level requirements for the decomposed elements, and the process begins again.



1.1.3 Outputs
Outputs of the Design Solution Definition Process are described below:

The System Specification: The system specification contains the functional baseline for the system that
is the result of the Design Solution Definition Process. The system design specification provides
sufficient guidance, constraints, and system requirements for the design engineers to begin developing the
design.

The System External Interface Specifications: The system external interface specifications describe the
functional baseline for the behavior and characteristics of all physical interfaces that the system has with
the external world. These include all structural, thermal, electrical, and signal interfaces, as well as the
human-system interfaces.

The End-Product Specifications: The end-product specifications contain the detailed build-to and code-
to requirements for the end product. They are detailed, exact statements of design particulars, such as
statements prescribing materials, dimensions, and quality of work to build, install, or manufacture the end
product.

The End-Product Interface Specifications: The end-product interface specifications contain the
detailed build-to and code-to requirements for the behavior and characteristics of all logical and physical
interfaces that the end product has with external elements, including the human-system interfaces.

Initial Subsystem Specifications: The end-product subsystem initial specifications provide detailed
information on subsystems if they are required.

Enabling Product Requirements: The requirements for associated supporting enabling products provide
details of all enabling products. Enabling products are the life cycle support products, infrastructures,
personnel, logistics, and services that facilitate the progression and use of the operational end product
through its life cycle. They are viewed as part of the system since the end product and its enabling
products are interdependent.

Product Verification Plan: The end-product verification plan (generated through the Technical Planning
Process) provides the content and depth of detail necessary to provide full visibility of all verification
activities for the end product. Depending on the scope of the end product, the plan encompasses
gualification, acceptance, prelaunch, operational, and disposal verification activities for flight hardware
and software.

Product Validation Plan: The end-product validation plan (generated through the Technical Planning
Process) provides the content and depth of detail necessary to provide full visibility of all activities to
validate the end product against the baselined stakeholder expectations. The plan identifies the type of
validation, the validation procedures, and the validation environment that are appropriate to confirm that
the realized end product conforms to stakeholder expectations.

Logistics and Operate-to Procedures: The applicable logistics and operate-to procedures for the system
describe such things as handling, transportation, maintenance, long-term storage, and operational
considerations for the particular design solution.

1.2 Design Solution Definition Guidance
Refer to Section 4.4.2 in the NASA Expanded Guidance for Systems Engineering at Expanded Guidance for
NASA SE NASA/SP-2016-6105-SUPPL for additional guidance on:

technology assessment,

human capability assessment, and
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e integrating engineering specialties into the SE process.

2.0 Product Implementation

Product implementation is the first SE process encountered and begins the movement from the bottom of the
product hierarchy up towards the Product Transition Process. This is where the plans, designs, analysis,
requirements development, and drawings are realized into actual products.

Product implementation is used to generate a specified product of a project or activity through buying,
making/coding, or reusing previously developed hardware, software, models, or studies to generate a product
appropriate for the phase of the life cycle. The product should satisfy the design solution and its specified
requirements.

The Product Implementation Process is the key activity that moves the project from plans and designs into
realized products. Depending on the project and life-cycle phase within the project, the product may be hardware,
software, a model, simulations, mockups, study reports, or other tangible results. These products may be realized
through their purchase from commercial or other vendors, through partial or complete reuse of products from
other projects or activities, or they may be generated from scratch. The decision as to which of these realization
strategies or combination of strategies will be used for the products of this project will have been made earlier in
the life cycle.

2.1 Process Description
The activities of the Product Implementation Process are described below.

2.1.1 Inputs
Inputs to the Product Implementation Process depend primarily on the decision about whether the end product
will be purchased, developed from scratch, or formed by reusing part or all of products from other projects.

e Inputs If Purchasing the End Product: If the decision was made to purchase part or all of the products
for this project, the end product design specifications are obtained from other applicable documents.

e Inputs If Making/Coding the End Product: For end products that will be made/coded by the technical
team, the inputs will be the configuration-controlled design specifications, manufacturing plans,
manufacturing processes, manufacturing procedures, and raw materials as provided to or purchased by the
project.

¢ Inputs Needed If Reusing an End Product: For end products that will reuse part or all of products
generated by other projects, the inputs may be the documentation associated with the product as well as
the product itself. Care should be taken to ensure that these products will indeed meet the specifications
and environments for this project. These would have been factors involved previously to determine the
make/buy/reuse decision.

e Enabling Products: These would be any enabling products necessary to make, code, purchase, or reuse
the product (e.g., drilling fixtures, production facilities, production lines, software development facilities,
software test facilities, system integration and test facilities).



2.1.2 Process Activities
Implementing the product can take one of three forms:

1. Purchase/buy
2. Make/code
3. Reuse

These three forms will be discussed in the following subsections. This section describes what kind of inputs,
outputs, and activities are performed during product implementation regardless of where in the product hierarchy
or life cycle it is. These activities include preparing to conduct the implementation, purchasing/making/reusing
the product, and capturing the product implementation work product. In some cases, implementing a product may
have aspects of more than one of these forms (such as a build-to-print). In those cases, the appropriate aspects of
the applicable forms are used.

2.1.2.1 Prepare to Conduct Implementation

Preparing to conduct the product implementation is a key first step regardless of what form of implementation has
been selected. For complex projects, implementation strategy and detailed planning or procedures need to be
developed and documented. For less complex projects, the implementation strategy and planning need to be
discussed, approved, and documented as appropriate for the complexity of the project.

The documentation, specifications, and other inputs also need to be reviewed to ensure they are ready and at an
appropriate level of detail to adequately complete the type of implementation form being employed and for the
product life-cycle phase. For example, if the “make” implementation form is being employed, the design
specifications need to be reviewed to ensure they are at a design-to level that allows the product to be developed.
If the product is to be bought as a pure Commercial Off-the-Shelf (COTS) item, the specifications need to be
checked to make sure they adequately describe the vendor characteristics to narrow to a single make/model of
their product line.

Finally, the availability and skills of personnel needed to conduct the implementation as well as the availability of
any necessary raw materials, enabling products, or special services should also be reviewed. Any special training
necessary for the personnel to perform their tasks needs to be performed by this time. This is a key part of the
Acceptance Data Package.

2.1.2.2 Purchase, Make, or Reuse the Product
Purchase the Product

In the first case, the end product is to be purchased from a commercial or other vendor. Design/purchase
specifications will have been generated previously and provided as inputs. The technical team needs to review
these specifications and ensure they are in a form adequate for the purchase. For major end products purchased
from a vendor, the responsibilities of the Government and contractor team should be documented. This will
define, for example, whether the project team expects the vendor to provide a fully verified and validated product
or whether they will be performing those duties.

As the purchased products arrive, the technical team should assist in the inspection of the delivered product and
its accompanying documentation. The team should ensure that the requested product was indeed the one
delivered, and that all necessary documentation, such as source code, operator manuals, certificates of
compliance, safety information, or drawings have been received.

The technical team should also ensure that any enabling products necessary to provide test, operations,
maintenance, and disposal support for the product are also ready or provided as required.



Depending on the strategy and roles/responsibilities of the vendor, a determination/analysis of the vendor’s
verification and validation compliance may need to be reviewed. This may be done informally or formally as
appropriate for the complexity of the product. For products that were verified and validated by the vendor, after
ensuring that all work products from this phase have been captured, the product may be ready to enter the Product
Transition Process to be delivered to the next higher level or to its final end user. For products that the technical
team will verify and validate, the product will be ready for verification after ensuring that all work products for
this phase have been captured.

Make/Code the Product

If the strategy is to make or code the product, the technical team should first ensure that the enabling products are
ready. This may include ensuring all piece parts are available, drawings are complete and adequate, software
design is complete and reviewed, machines to cut the material are available, interface specifications are approved,
operators are trained and available, manufacturing and/or coding procedures / processes are ready, software
personnel are trained and available to generate code, test fixtures are developed and ready to hold products while
being generated, and software test cases are available and ready to begin model generation.

The product is then made or coded in accordance with the specified requirements, configuration documentation,
and applicable standards. Throughout this process, the technical team should work to review, inspect, and discuss
progress and status within the team and with higher levels of management as appropriate. Progress should be
documented within the technical schedules. Peer reviews, audits, unit testing, code inspections, simulation
checkout, and other techniques may be used to ensure the made or coded product is ready for the verification
process. As production proceeds and components are produced, there is a need to establish a to review any
nonconformance to specifications and disposition whether the components can be accepted, reworked, or
scrapped and remade.

Reuse

If the strategy is to reuse a product that already exists, extreme care should be taken to ensure that the product is
truly applicable to this project and for the intended uses and the environment in which it will be used. This should
have been a major factor used in the decision strategy to make/buy/reuse. If the new environment is more
extreme, requalification is needed for the component or system. Design factors of safety, margins, and other
required design and construction standards should also be assessed. If the program/project requires higher factor
of safety or margins, the component may not be useable or a modification may be required.

The documentation available (e.g., as-built documentation, user’s guides, operations manuals, discrepancy
reports, waivers and deviations) from the reuse product should be reviewed by the technical team so that they can
become completely familiar with the product and ensure it will meet the requirements in the intended
environment. Any supporting manuals, drawings, or other documentation available should also be gathered.

The availability of any supporting or enabling products or infrastructure needed to complete the fabrication,
coding, testing, analysis, verification, validation, or shipping of the product needs to be determined. Supporting
products may be found in product manufacturing plans, processes, and procedures. If any of these products or
services are lacking, they will need to be developed or arranged for before progressing to the next phase.

A reused product often needs to undergo the same verification and validation as a purchased product or a built
product. Relying on prior verification and validation should only be considered if the product’s verification and
validation documentation meets or exceeds the verification, validation, and documentation requirements of the
current project and the documentation demonstrates that the product was verified and validated against equivalent
requirements (including environments) and expectations. The savings gained from reuse is not necessarily from
reduced acceptance-level testing of the flight products, but possibly elimination of the need to fully requalify the
item (if all elements are the same, including the environment and operation), elimination of the need to specify all



of the internal requirements such as printed circuit board specifications or material requirements, reduced internal
data products, or the confidence that the item will pass acceptance test and will not require rework.

2.1.2.3 Capture Work Products

Regardless of what implementation form was selected, all work products from the make/buy/reuse process should
be captured, including as-built design drawings, design documentation, design models, code listings, model
descriptions, procedures used, operator manuals, maintenance manuals, or other documentation as appropriate.

2.1.3 Outputs
¢ End Product for Verification: Unless the vendor performs verification, the made/coded, purchased, or
reused end product in a form appropriate for the life-cycle phase is provided for the verification process.
The form of the end product is a function of the life-cycle phase and the placement within the system
structure (the form of the end product could be hardware, software, model, prototype, first article for test,
or single operational article or multiple production articles).

e End Product Documents and Manuals: Appropriate documentation is also delivered with the end
product to the verification process and to the technical data management process. Documentation may
include applicable as-built design drawings; close out photos; operation, user, maintenance, or training
manuals; applicable baseline documents (configuration information such as as-built specifications or
stakeholder expectations); certificates of compliance; or other vendor documentation.

e Product Implementation Work Products: Any additional work products providing reports, records,
lesson learned, assumptions, and other outcomes of these activities.

The process is complete when the following activities have been accomplished:

e End products are fabricated, purchased, or reuse modules are acquired.

e End products are reviewed, checked, and ready for verification.

e Procedures, decisions, assumptions, anomalies, corrective actions, lessons learned, etc., resulting from the
make/buy/reuse are recorded.

2.2 Product Implementation Guidance
Refer to Section 5.1.2 in the NASA Expanded Guidance for Systems Engineering at Expanded Guidance for
NASA SE NASA/SP-2016-6105-SUPPL for additional guidance on:

e buying off-the-shelf products and

o the need to consider the heritage of products.

3.0 Product Integration

Product integration is a key activity of the systems engineer. Product integration is the engineering of the
subsystem interactions and their interactions with the system environments (both natural and induced). Also in
this process, lower-level products are assembled into higher level products and checked to make sure that the
integrated product functions properly and that there are no adverse emergent behaviors. This integration begins
during concept definition and continues throughout the system life cycle. Integration involves several activities
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focused on the interactions of the subsystems and environments. These include system analysis to define and
understand the interactions, development testing including qualification testing, and integration with external
systems (e.g., launch operations centers, space vehicles, mission operations centers, flight control centers, and
aircraft) and objects (i.e., planetary bodies or structures). To accomplish this integration, the systems engineer is
active in integrating the different discipline and design teams to ensure system and environmental interactions are
being properly balanced by the differing design teams. The result of a well-integrated and balanced system is an
elegant design and operation.

3.1 Process Description
The activities of the Product Integration Process are described below.

3.1.1 Inputs
o Lower-level products to be integrated: These are the products developed in the previous lower-level
tier in the product hierarchy. These products will be integrated / assembled to generate the product for this
product layer.

¢ End product design specifications and configuration documentation: These are the specifications,
Interface Control Documents (ICDs), drawings, integration plan, procedures or other documentation or
models needed to perform the integration including documentation for each of the lower-level products to
be integrated.

e Product integration-enabling products: These would include any enabling products, such as holding
fixtures, necessary to successfully integrate the lower-level products to create the end product for this
product layer.

3.1.2 Process Activities

This subsection addresses the approach to the implementation of the Product Integration Process, including the
activities required to support the process. The basic tasks that need to be established involve the management of
internal and external interactions of the various levels of products and operator tasks to support product
integration and are as follows:

3.1.2.1 Prepare to Conduct Product Integration

Prepare to conduct product integration by reviewing the product integration strategy/plan, generating detailed
planning for the integration, and developing integration sequences and procedures; and determining whether the
product configuration documentation is adequate to conduct the type of product integration applicable for the
product life-cycle phase, location of the product in the system structure, and management phase success criteria.

3.1.2.2 Obtain Lower-Level Products for Assembly and Integration

Each of the lower-level products that is needed for assembly and integration is obtained from the transitioning
lower-level product owners or a storage facility as appropriate. Received products should be inspected to ensure
no damages occurred during the transitioning process.

3.1.2.3 Confirm That Received Products Have Been Validated

Confirm that the received products that are to be assembled and integrated have been validated to demonstrate
that the individual products satisfy the agreed-to set of stakeholder expectations, including interface requirements.
This validation can be conducted by the receiving organization or by the providing organization if fully
documented or witnessed by the receiving representative.

3.1.2.4 Prepare the Integration Environment for Assembly and Integration
Prepare the integration environment in which assembly and integration will take place, including evaluating the
readiness of the product integration-enabling products and the assigned workforce. These enabling products may
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include facilities, equipment jigs, tooling, and assembly/production lines. The integration environment includes
test equipment, simulators, models, storage areas, and recording devices.

3.1.2.5 Assemble and Integrate the Received Products into the Desired End Product

Assemble and integrate the received products into the desired end product in accordance with the specified
requirements, configuration documentation, interface requirements, applicable standards, and integration
sequencing and procedures. This activity includes managing, evaluating, and controlling physical, functional, and
data interfaces among the products being integrated.

Functional testing of the assembled or integrated unit is conducted to ensure that assembly is ready to enter
verification testing and ready to be integrated into the next level. Typically, all or key representative functions are
checked to ensure that the assembled system is functioning as expected. Formal product verification and
validation will be performed in the next process.

3.1.2.6 Prepare Appropriate Product Support Documentation

Prepare appropriate product support documentation, such as special procedures for performing product
verification and product validation. Drawings or accurate models of the assembled system are developed and
confirmed to be representative of the assembled system.

3.1.2.7 Capture Product Integration Work Products

Capture work products and related information generated while performing the Product Integration Process
activities. These work products include system models, system analysis data and assessment reports, derived
requirements, the procedures that were used in the assembly, decisions made and supporting rationale,
assumptions that were made, identified anomalies and associated corrective actions, lessons learned in performing
the assembly, and updated product configuration and support documentation.

3.1.3 Outputs
The following are typical outputs from this process and destinations for the products from this process:

e Integrated product(s) with all system interactions identified and properly balanced.

e Documentation and manuals including system analysis models, data, and reports supporting flight-
readiness rationale and available for future analysis during the operation of the system in the mission-
execution phase.

e Work products, including reports, records, and non-deliverable outcomes of product integration
activities; integration strategy document; assembly/check area drawings; system/component
documentation sequences and rationale for selected assemblies; interface management documentation;
personnel requirements; special handling requirements; system documentation; shipping schedules; test
equipment and drivers’ requirements; emulator requirements; and identification of limitations for both
hardware and software.

4.0 Product Verification

The Product Verification Process is the first of the verification and validation processes conducted on an end
product. As used in the context of the systems engineering common technical processes, a product is one provided
by either the Product Implementation Process or the Product Integration Process in a form suitable for meeting
applicable life-cycle phase success criteria. Realization is the act of implementing, integrating, verifying,
validating, and transitioning the end product for use at the next level up of the system structure or to the customer.
At this point, the end product can be referred to as a “realized product” or “realized end product.”

Product verification proves that an end product (whether built, coded, bought, or reused) for any element within
the system structure conforms to its requirements or specifications. Such specifications and other design



description documentation establish the configuration baseline of that product, which may have to be modified at
a later time. Without a verified baseline and appropriate configuration controls, such later modifications could be
costly or cause major performance problems.

4.1 Process Description
There are several methods of verification, described in the figure below.

Methods of Verification

e Analysis: The use of mathematical modeling and analytical techniques to predict the suitability
of a design to stakeholder expectations based on calculated data or data derived from lower
system structure end product verifications. Analysis is generally used when a prototype;
engineering model; or fabricated, assembled, and integrated product is not available. Analysis
includes the use of modeling and simulation as analytical tools. A model is a mathematical
representation of reality. A simulation is the manipulation of a model. Analysis can include

verification by similarity of a heritage product.

« Demonstration: Showing that the use of an end product achieves the individual specified
requirement. It is generally a basic confirmation of performance capability, differentiated from
testing by the lack of detailed data gathering. Demonstrations can involve the use of physical
models or mockups; for example, a requirement that all controls shall be reachable by the pilot
could be verified by having a pilot perform flight-related tasks in a cockpit mockup or simulator.
A demonstration could also be the actual operation of the end product by highly qualified
personnel, such as test pilots, who perform a one-time event that demonstrates a capability to
operate at extreme limits of system performance, an operation not normally expected from a
representative operational pilot.

* Inspection: The visual examination of a realized end product. Inspection is generally used to
verify physical design features or specific manufacturer identification. For example, if there is a
requirement that the safety arming pin has a red flag with the words “Remove Before Flight”
stenciled on the flag in black letters, a visual inspection of the arming pin flag can be used to
determine if this requirement was met. Inspection can include inspection of drawings,
documents, or other records.

o Test: The use of an end product to obtain detailed data needed to verify performance or
provide sufficient information to verify performance through further analysis. Testing can be
conducted on final end products, breadboards, brassboards, or prototypes. Testing produces
data at discrete points for each specified requirement under controlled conditions and is the
most resource-intensive veritication technique. As the saying goes, “Test as you fly, and lly as
you test.”

The activities of the Product Verification Process are described below.

4.1.1 Inputs
Key inputs to the process are:

e The product to be verified: This product will have been transitioned from either the Product
Implementation Process or the Product Integration Process. The product will likely have been through at
least a functional test to ensure it was assembled correctly. Any supporting documentation should be
supplied with the product.

o Verification plan: This plan will have been developed previously and baselined before entering this
verification.
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e Specified requirements baseline: These are the requirements that have been identified to be verified for
this product. Acceptance criteria should have been identified for each requirement to be verified.

e Enabling products: Any other products needed to perform the Product Verification Process. This may
include test fixtures and support equipment.

4.1.2 Process Activities

This subsection addresses the approach to the implementation of the Product Verification Process, including the
activities required to support the process. There are five major activities in the Product Verification Process: (1)
prepare to conduct product verification; (2) perform verification; (3) analyze verification results; (4) prepare a
product verification report; and (5) capture work products generated during the verification activities. These tasks
are described as follows:

4.1.2.1 Product Verification Preparation

In preparation for verification, the verification plan and the specified requirements are collected, reviewed, and
confirmed. The product to be verified is obtained along with any enabling products, such as those representing
external interfacing products and support resources (including personnel) that are necessary for verification.
Procedures capturing detailed step-by-step activities and based on the verification type and methods are finalized
and approved. Development of procedures typically begins during the design phase of the project life cycle and
matures as the design is matured. The verification environment is considered as part of procedure development.
Operational scenarios are assessed to explore all possible verification activities to be performed. The final element
is preparation of the verification environment; e.g., facilities, equipment, tools, measuring devices, and climatic
conditions.

4.1.2.2 Perform Product Verification

The actual act of verifying the end product is performed as spelled out in the plans and procedures, and
conformance is established with each specified product requirement. The verification lead should ensure that the
procedures were followed and performed as planned, the verification-enabling products and instrumentation were
calibrated correctly, and the data were collected and recorded for required verification measures.

4.1.2.3 Analyze Product Verification Results and Report

As the verification activities are completed, the results are collected and analyzed. The data are analyzed for
guality, integrity, correctness, consistency, and validity. Any verification discrepancies (anomalies, variations,
and out-of-compliance conditions) are identified and reviewed to determine if there is a nonconforming product
not resulting from poor verification conduct, procedure, or conditions. If possible, this analysis is performed while
the test/analysis configuration is still intact. This allows a quick turnaround in case the data indicates that a
correction to the test or analysis run needs to be performed again.

4.1.2.4 Capture Product Verification Work Products

Verification work products take many forms and involve many sources of information. The capture and recording
of verification results and related data is a very important, but often underemphasized, step in the Product
Verification Process. Verification results, peer review reports, anomalies, and any corrective action(s) taken
should be captured, as should all relevant results from the application of the Product Verification Process (related
decisions, rationale for the decisions made, assumptions, and lessons learned).

4.1.3 Outputs
Key outputs from the process are:

o Verified product ready for validation: After the product is verified, it will next pass through the
Product Validation Process.
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o Product verification results: Results from executed procedures are passed to technical assessment.

e Product verification report(s): A report shows the results of the verification activities. It includes the
requirement that was to be verified and its bidirectional traceability, the verification method used, and
reference to any special equipment, conditions, or procedures used. It also includes the results of the
verification, any anomalies, variations or out-of-compliance results noted and associated corrective
actions taken.

e Product verification work products: These include discrepancy and nonconformance reports with
identified correction actions; updates to requirements compliance documentation; changes needed to the
procedures, equipment or environment; configuration drawings; calibrations; operator certifications; and
other records.

5.0 Product Validation

The Product Validation Process is the second of the verification and validation processes conducted on an
implemented or integrated end product. While verification proves whether “the product was done right,”
validation proves whether “the right product was done.” In other words, verification provides objective evidence
that every “shall” statement in the requirements document or specification was met, whereas validation is
performed for the benefit of the customers and users to ensure that the system functions in the expected manner
when placed in the intended environment. This is achieved by examining the products of the system at every level
of the product structure and comparing them to the stakeholder expectations for that level. A well-structured
validation process can save cost and schedule while meeting the stakeholder expectations.

5.1 Process Description
There are several methods of validation, described in the figure below.

Methods of Validation

* Analysis: The use of mathematical modeling and analytical techniques to predict the suitability
of a design to stakeholder expectations based on calculated data or data derived from lower
system structure end product verifications. Analysis is generally used when a prototype;
engineering model; or fabricated, assembled, and integrated product is not available. Analysis
includes the use of modeling and simulation as analytical tools.

A model is a mathematical representation of reality. A simulation is the manipulation of a
model.

 Demonstration: Showing that the use of an end product achieves the stakeholder
expectations as defined in the NGOs and the ConOps. It is generally a basic confirmation of
behavioral capability, differentiated from testing by the lack of detailed data gathering.
Demonstrations can involve the use of physical models or mockups; for example, an
expectation that controls are readable by the pilot in low light conditions could be validated by
having a pilot perform flight-related tasks in a cockpit mockup or simulator under those
conditions.

* Inspection: The visual examination of a realized end product. Inspection is generally used to
validate the presence of a physical design features or specific manufacturer identification. For
example, if there is an expectation that the safety arming pin has a red flag with the words
“Remove Before Flight” stenciled on the flag in black letters, a visual inspection of the arming
pin flag can be used to determine if this expectation has been met.

e Test: The use of an end product to obtain detailed data needed to determine a behavior, or
provide sufficient information to determine a behavior through further analysis. Testing can be
conducted on final end products, breadboards, brassboards, or prototypes.
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The activities of the Product Validation Process are described below.

5.1.1 Inputs
Key inputs to the process are:

e End product to be validated: This is the end product that is to be validated and which has successfully
passed through the verification process.

e Validation plan: This plan would have been developed previously and baselined prior to entering this
process. This plan may be a separate document.

e Baselined stakeholder expectations: These would have been developed for the product at this level
previously. It includes the needs, goals, and objectives as well as the baselined and updated concept of
operations and MOEs.

e Any enabling products: These are any special equipment, facilities, test fixtures, applications, or other
items needed to perform the Product Validation Process.

5.1.2 Process Activities

This subsection addresses the approach to the implementation of the Product Validation Process, including the
activities required to support the process. The Product Validation Process demonstrates that the end product
satisfies its stakeholder expectations within the intended operational environments, with validation performed by
anticipated operators and/or users whenever possible. The method of validation is a function of the life-cycle
phase and the position of the end product within the system structure. There are five major steps in the validation
process: (1) preparing to conduct validation, (2) conduct planned validation (perform validation), (3) analyze
validation results, (4) prepare a validation report, and (5) capture the validation work products.

5.1.2.1 Product Validation Preparation

To prepare for performing product validation, the appropriate set of expectations against which the validation is to
be made should be obtained. Other documentation such as the ConOps may be useful. The product to be
validated, as well as the appropriate enabling products and support resources with which validation will be
conducted should be collected. Enabling products includes those representing external interfacing products and
special test equipment. Support resources include personnel necessary to support validation and operators.
Procedures, capturing detailed step-by-step activities and based on the validation type and methods are finalized
and approved. Development of procedures typically begins during the design phase of the project life cycle and
matures as the design is matured. The validation environment is considered as part of procedure development.
Operational scenarios are assessed to explore all possible validation activities to be performed. The final element
is preparation of the validation environment; e.qg., facilities, equipment, software, and climatic conditions.

5.1.2.2 Perform Product Validation

The act of validating the end product is performed as spelled out in the validation plans and procedures, and the
conformance established to each specified stakeholder expectation shows that the validation objectives were met.
Validation differs from qualification testing. Validation testing is focused on the expected environments and
operations of the system where as qualification testing includes the worst-case loads and environmental
requirements within which the system is expected to perform or survive. The verification lead should ensure that
the procedures were followed and performed as planned, the validation-enabling products and instrumentation
were calibrated correctly, and the data were collected and recorded for required validation measures.

5.1.2.3 Analyze Product Validation Results

Once the validation activities have been completed, the results are collected and the data are analyzed to confirm
that the end product provided will supply the customer’s needed capabilities within the intended environments of
use, validation procedures were followed, and enabling products and supporting resources functioned correctly.
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The data are also analyzed for quality, integrity, correctness, consistency, and validity, and any unsuitable
products or product attributes are identified and reported.

5.1.2.4 Prepare Report and Capture Product Validation Work Products

Validation work products take many forms and involve many sources of information. The capture and recording
of validation-related data is a very important, but often underemphasized, step in the Product Validation Process.
Validation results, deficiencies identified, and corrective actions taken should be captured, as should all relevant
results from the application of the Product Validation Process (related decisions, rationale for decisions made,
assumptions, and lessons learned).

5.1.3 Outputs
Key outputs of validation are:

e Validated end product: This is the end product that has successfully passed validation and is ready to be
transitioned to the next product layer or to the customer.

e Product validation results: These are the raw results of performing the validations.

e Product validation report: This report provides the evidence of product conformance with the
stakeholder expectations that were identified as being validated for the product at this layer. It includes
any nonconformance, anomalies, or other corrective actions that were taken.

o Work products: These include procedures, required personnel training, certifications, configuration
drawings, and other records generated during the validation activities.

6.0 Product Transition

The Product Transition Process is used to transition a verified and validated end product that has been generated
the customer at the next level in the system structure for integration into an end product or, for the top-level end
product, transitioned to the intended end user. The form of the product transitioned will be a function of the
product life-cycle phase success criteria and the location within the system structure of the WBS model in which
the end product exists. The systems engineer involvement in this process includes ensuring the product being
transitioned has been properly tested and verified/validated prior to being shipped to the next level
stakeholder/customer.

6.1 Process Description
The activities of the Product Transition Process are described below.

6.1.1 Inputs

Inputs to the Product Transition Process depend primarily on the transition requirements, the product that is being
transitioned, the form of the product transition that is taking place, and the location to which the product is
transitioning. Typical inputs are described below.

e The end product or products to be transitioned: The product to be transitioned can take several forms.
It can be a subsystem component, system assembly, or top-level end product. It can be hardware,
analytical models, or software. It can be newly built, purchased, or reused. A product can transition from
a lower system product to a higher one by being integrated with other transitioned products. This process
may be repeated until the final end product is achieved. Each succeeding transition requires unique input
considerations when preparing the validated product for transition to the next level.

o Documentation including manuals, procedures, and processes that are to accompany the end
product: The documentation required for the Product Transition Process depends on the specific end
product; its current location within the system structure; and the requirements identified in various
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agreements, plans, or requirements documents. Typically, a product has a unique identification (i.e., serial
or version number) and may have a pedigree (documentation) that specifies its heritage and current state.
Pertinent information may be controlled using a configuration control process or work order system as
well as design drawings and test reports. Documentation often includes proof of verification and
validation conformance. A COTS product would typically contain a manufacturer’s specification or fact
sheet. Documentation may include operations manuals, installation instructions, and other information.

¢ Product transition-enabling products, including packaging materials; containers; handling
equipment; and storage, receiving, and shipping facilities: Product transition-enabling products may
be required to facilitate the implementation, integration, evaluation, transition, training, operations,
support, and/or retirement of the transition product at its next higher level or for the transition of the final
end product. Some or all of the enabling products may be defined in transition-related agreements, system
requirements documents, or project plans. In some cases, product transition-enabling products are
developed during the realization of the product itself or may be required to be developed during the
transition stage.

6.1.2 Process Activities
Transitioning the product can take one of two forms:

e The delivery of lower system end products to higher ones for integration into another end product; or

e The delivery of the final end product to the customer or user that will use it in its operational
environment.

In the first case, the end product is one of perhaps several other pieces that will ultimately be integrated together
to form the item. In the second case, the end product is for final delivery to the customer. For example, the end
product might be one of several circuit cards that will be integrated together to form the final unit that is
delivered. Or that unit might also be one of several units that have to be integrated together to form the final
product.

Product transition activities include preparing to conduct the transition; making sure the end product, all
personnel, and any enabling products are ready for transitioning; preparing the site; and performing the transition
including capturing and documenting all work products.

6.1.2.1 Prepare to Conduct Transition

The first task is to identify which of the two forms of transition is needed: (1) the delivery of lower system end
products to higher ones for integration into another end product; or (2) the delivery of the final end product to the
customer or user that will use the end product in its operational environment. The form of the product being
transitioned affects transition planning and the kind of packaging, handling, storage, and transportation that is
required. The customer and other stakeholder expectations, as well as the specific design solution, may indicate
special transition procedures or enabling product needs for packaging, storage, handling, shipping / transporting,
site preparation, installation, and/or sustainability. These requirements need to be reviewed during the preparation
stage.

6.1.2.2 Prepare the Site to Receive the Product

For either of the forms of product transition, the receiving site needs to be prepared to receive the product. Here
the end product is stored, assembled, integrated, installed, used, and/or maintained as appropriate for the life-cycle
phase, position of the end product in the system structure, and customer agreement.

6.1.2.3 Prepare the Product for Transition
Whether transitioning a product to the next room for integration into the next higher assembly, or for final
transportation across the country to the customer, care should be taken to ensure the safe transportation of the
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product. The requirements for packaging, handling, storage, training, and transportation should have been
identified during system design. Preparing the packaging for protection, security, and prevention of deterioration
is critical for products placed in storage or when it is necessary to transport or ship between and within
organizational facilities or between organizations by land, air, and/or water vehicles. Particular emphasis needs to
be on protecting surfaces from physical damage, preventing corrosion, eliminating damage to electronic wiring or
cabling, shock or stress damage, heat warping or cold fractures, moisture, and other particulate intrusion that
could damage moving parts.

6.1.2.4 Transition the Product

The end product is then transitioned (i.e., moved, transported, or shipped) with required documentation to the
customer based on the type of transition required, e.g., to the next higher-level item in the product hierarchy for
product integration or to the end user. Documentation may include operations manuals, installation instructions,
and other information. The end product is finally installed into the next higher assembly or into the customer/user
site using the preapproved installation procedures.

6.1.2.5 Capture Product Transition Work Products

Other work products generated during the transition process are captured and archived as appropriate. These may
include site plans, special handling procedures, training, certifications, videos, inspections, or other products from
these activities. A checklist can be valuable for documenting transition work products and for preparing for
delivery.

6.1.3 Outputs
e Delivered end product with applicable documentation: This may take one of two forms:

1. Delivered end product for integration to next level up in system structure: This includes the
appropriate documentation. The form of the end product and applicable documentation are a
function of the life-cycle phase and the placement within the system structure. (The form of the
end product could be hardware, software, model, prototype, first article for test, or single
operational article or multiple production articles.) Documentation includes applicable draft
installation, operation, user, maintenance, or training manuals; applicable baseline documents
(configuration baseline, specifications, and stakeholder expectations); and test results that reflect
completion of verification and validation of the end product.

2. Delivered operational end product for end users: The appropriate documentation is to
accompany the delivered end product as well as the operational end product appropriately
packaged. Documentation includes applicable final installation, operation, user, maintenance, or
training manuals; applicable baseline documents (configuration baseline, specifications,
stakeholder expectations); and test results that reflect completion of verification and validation of
the end product. If the end user will perform end product validation, sufficient documentation to
support end user validation activities is delivered with the end product.

¢ Work products from transition activities to technical data management: Work products could
include the transition plan, site surveys, measures, training modules, procedures, decisions, lessons
learned, corrective actions, etc.

o Realized enabling end products to appropriate life-cycle support organization: Some of the enabling
products that were developed during the various phases could include fabrication or integration
specialized machines; tools; jigs; fabrication processes and manuals; integration processes and manuals;
specialized inspection, analysis, demonstration, or test equipment; tools; test stands; specialized
packaging materials and containers; handling equipment; storage-site environments; shipping or
transportation vehicles or equipment; specialized courseware; instructional site environments; and
delivery of the training instruction. For the later life-cycle phases, enabling products that are to be
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delivered may include specialized mission control equipment; data collection equipment; data analysis
equipment; operations manuals; specialized maintenance equipment, tools, manuals, and spare parts;
specialized recovery equipment; disposal equipment; and readying recovery or disposal site
environments.

7.0 Technical Planning

The Technical Planning Process establishes a plan for applying and managing each of the common technical
processes that will be used to drive the development of system products and associated work products. This

process also establishes a plan for identifying and defining the technical effort required to satisfy the project
objectives and life-cycle phase success criteria within the cost, schedule, and risk constraints of the project.

This effort starts with the technical team conducting extensive planning early in the program. With this early
planning, technical team members will understand the roles and responsibilities of each team member, and can
establish cost and schedule goals and objectives. From this effort, the Systems Engineering Management Plan
(SEMP) and other technical plans are developed and baselined. Once the SEMP and technical plans have been
established, they should be synchronized.

This is a recursive and iterative process. Early in the life cycle, the technical plans are established and
synchronized to run the design and realization processes. As the system matures and progresses through the life
cycle, these plans should be updated as necessary to reflect the current environment and resources and to control
the project’s performance, cost, and schedule. At a minimum, these updates will occur at every Key Decision
Point (KDP). However, if there is a significant change in the project, such as new stakeholder expectations,
resource adjustments, or other constraints, all plans should be analyzed for the impact of these changes on the
baselined project.

7.1 Process Description
The activities of the Technical Planning Process are described below.

7.1.1 Inputs

Input to the Technical Planning Process comes from all stakeholders as outputs from the other common technical
processes. Initial planning utilizing external inputs from the project to determine the general scope and framework
of the technical effort will be based on known technical and programmatic requirements, constraints, policies, and
processes. Throughout the project’s life cycle, the technical team continually incorporates results into the
technical planning strategy and documentation and any internal changes based on decisions and assessments
generated by the other SE processes or from requirements and constraints mandated by the project.

e Project Technical Effort Requirements and Project Resource Constraints: The program/project plan
provides the project’s top-level technical requirements, the available budget allocated to the
program/project from the program, and the desired schedule to support overall program needs. Although
the budget and schedule allocated to the program/project serve as constraints, the technical team generates
a technical cost estimate and schedule based on the actual work required to satisfy the technical
requirements. Discrepancies between the allocated budget and schedule and the technical team’s actual
cost estimate and schedule should be reconciled continuously throughout the life cycle.

o Agreements, Capability Needs, Applicable Product Life-Cycle Phase: The program/project plan also
defines the applicable life-cycle phases and milestones, as well as any internal and external agreements or
capability needs required for successful execution. The life-cycle phases and programmatic milestones
provide the general framework for establishing the technical planning effort and for generating the
detailed technical activities and products required to meet the overall milestones in each of the life-cycle
phases.
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o Applicable Policies, Procedures, Standards, and Organizational Processes: The program/project plan
includes all programmatic policies, procedures, standards, and organizational processes that should be
adhered to during execution of the technical effort. The technical team should develop a technical
approach that ensures the program/project requirements are satisfied and that any technical procedures,
processes, and standards to be used in developing the intermediate and final products comply with the
policies and processes mandated in the program/project plan.

e Prior Phase or Baseline Plans: The latest technical plans (either baselined or from the previous life-
cycle phase) from other processes should be used in updating the technical planning for the upcoming
life-cycle phase.

e Replanning Needs: Technical planning updates may be required based on results from technical reviews
conducted in the Technical Assessment Process, issues identified during the Technical Risk Management
Process, or from decisions made previously.

7.1.2 Process Activities

Technical planning as it relates to systems engineering is intended to define how the project will be organized,
structured, and conducted and to identify, define, and plan how the common technical processes will be applied in
each life-cycle phase for all levels of the product hierarchy within the system structure to meet product life-cycle
phase success criteria. A key document capturing and updating the details from the technical planning process is
the SEMP.

The SEMP is a subordinate document to the project plan. The project plan defines how the project will be
managed to achieve its goals and objectives within defined programmatic constraints. The SEMP defines for all
project participants how the project will be technically managed within the constraints established by the project.
The SEMP also communicates how the systems engineering management techniques will be applied throughout
all phases of the project life cycle.

Technical planning should be tightly integrated with the Technical Risk Management Process (see Section 6.4) to
ensure corrective action for future activities will be incorporated based on current issues identified within the
project.

Technical planning, as opposed to program or project planning, addresses the scope of the technical effort
required to develop the system products. While the project manager concentrates on managing the overall project
life cycle, the technical team, led by the systems engineer, concentrates on managing the technical aspects of the
project. The technical team identifies, defines, and develops plans for performing engineering functions.
Additional planning includes defining and planning for the appropriate technical reviews, audits, assessments, and
status reports and determining crosscutting engineering discipline and/or design verification requirements.

This section describes how to perform the activities contained in the Technical Planning Process. The initial
technical planning at the beginning of the project establishes the technical team members; their roles and
responsibilities; and the tools, processes, and resources that will be utilized in executing the technical effort. In
addition, the expected activities that the technical team will perform and the products it will produce are
identified, defined, and scheduled. Technical planning continues to evolve as actual data from completed tasks are
received and details of near-term and future activities are known.
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7.1.2.1 Technical Planning Preparation

For technical planning to be conducted properly, the processes and procedures that are needed to conduct
technical planning should be identified, defined, and communicated. As participants are identified, their roles and
responsibilities and any training and/or certification activities should be clearly defined and communicated.

Once the processes, people, and roles and responsibilities are in place, a planning strategy may be formulated for
the technical effort. A basic technical planning strategy should address the following:

e The communication strategy within the technical team and for up and out communications;

e Identification and tailoring of procedural requirements that apply to each level of the PBS structure;

e The level of planning documentation required for the SEMP and all other technical planning documents;

¢ Identifying and collecting input documentation;

e The sequence of technical work to be conducted, including inputs and outputs;

e The deliverable products from the technical work;

e How to capture the work products of technical activities;

e How technical risks will be identified and managed;

e The tools, methods, and training needed to conduct the technical effort;

e The involvement of stakeholders in each facet of the technical effort;

e The entry and success criteria for milestones, such as technical reviews and life-cycle phases;

e The identification, definition, and control of internal and external interfaces;

e The identification and incorporation of relevant lessons learned into the technical planning;
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e The team’s approach to capturing lessons learned during the project and how those lessons will be
recorded;

e The approach for technology development and how the resulting technology will be incorporated into the
project;

e The identification and definition of the technical metrics for measuring and tracking progress to the
realized product;

e The criteria for make, buy, or reuse decisions and incorporation criteria for Commercial Off-the-Shelf
(COTS) software and hardware;

e The plan to identify and mitigate off-nominal performance;

e The “how-tos” for contingency planning and replanning;

e The plan for status assessment and reporting;

e The approach to decision analysis, including materials needed, skills required, and expectations in terms
of accuracy; and

e The plan for managing the human element in the technical activities and product.

By addressing these items and others unique to the project, the technical team will have a basis for understanding
and defining the scope of the technical effort, including the deliverable products that the overall technical effort
will produce, the schedule and key milestones for the project that the technical team should support, and the
resources required by the technical team to perform the work.

A key element in defining the technical planning effort is understanding the amount of work associated with
performing the identified activities. Once the scope of the technical effort begins to coalesce, the technical team
may begin to define specific planning activities and to estimate the amount of effort and resources required to
perform each task. Historically, many projects have underestimated the resources required to perform proper
planning activities and have been forced into a position of continuous crisis management in order to keep up with
changes in the project.

Identifying Facilities
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The planning process also includes identifying the required facilities, laboratories, test beds, and instrumentation
needed to build, test, launch, and operate a variety of commercial and Government products. A sample list of the

kinds of facilities that might be considered when planning is illustrated in Table 7.1-1.

Table 7.1-1 Examples of Types of Facilities to Consider during Planning

Communications & Tracking Labs

Models & Simulation Labs

Thermal Chambers

Power Systems Labs

Prototype Development Shops

Vibration Labs

Propulsion Test Stands

Calibration Labs

Radiation Labs

Mechanical/Structures Labs

Biological Labs

Animal Care Labs

Instrumentation Labs

Space Materials Curation Labs

Flight Hardware Storage
Areas

Human Systems Labs

Electromagnetic Effects Labs

Design Visualization

Guidance and Mavigation Labs Materials Labs Wiring Shops
Robotics Labs Vacuum Chambers MDE Labs
Software Development Mission Control Center Logistics Warehouse

Environment

Meeting rooms

Training Facilities

Conference facilities

Education/Outreach centers

Server farms

Project documentation centers

7.1.2.2 Define the Technical Work

The technical effort should be defined commensurate with the level of detail needed for the life cycle phase.
When performing the technical planning, realistic values for cost, schedule, and labor resources should be used.
Whether extrapolated from historical databases or from interactive planning sessions with the project and
stakeholders, realistic values should be calculated and provided to the project team. Contingency should be
included in any estimate and should be based on the complexity and criticality of the effort. Contingency planning
should be conducted. The following are examples of contingency planning:

Additional, unplanned-for software engineering resources are typically needed during hardware and
systems development and testing to aid in troubleshooting errors/anomalies. Frequently, software
engineers are called upon to help troubleshoot problems and pinpoint the source of errors in hardware and
systems development and testing (e.g., for writing additional test drivers to debug hardware problems).
Additional software resources should be planned into the project contingencies to accommodate
inevitable component and system debugging and avoid cost and schedule overruns.

Hardware-In-the-Loop (HWIL) should be accounted for in the technical planning contingencies. HWIL
testing is typically accomplished as a debugging exercise where the hardware and software are brought
together for the first time in the costly environment of HWIL. If upfront work is not done to understand
the messages and errors arising during this test, additional time in the HWIL facility may result in
significant cost and schedule impacts. Impacts may be mitigated through upfront planning, such as
making appropriate debugging software available to the technical team prior to the test, etc.

Similarly, Human-In-The-Loop (HITL) evaluations identify contingency operational issues. HITL
investigations are particularly critical early in the design process to expose, identify, and cost-effectively
correct operational issues—nominal, maintenance, repair, off-nominal, training, etc.—in the required
human interactions with the planned design. HITL testing should also be approached as a debugging
exercise where hardware, software, and human elements interact and their performance is evaluated. If
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operational design and/or performance issues are not identified early, the cost of late design changes will
be significant.

7.1.2.3 Schedule, Organize, and Budget the Technical Effort

Once the technical team has defined the technical work to be done, efforts can focus on producing a schedule and
cost estimate for the technical portion of the project. The technical team should organize the technical tasks
according to the project WBS in a logical sequence of events, taking into consideration the major project
milestones, phasing of available funding, and timing of the availability of supporting resources.

Scheduling

Products described in the WBS are the result of activities that take time to complete. These activities have time
precedence relationships among them that may be used to create a network schedule explicitly defining the
dependencies of each activity on other activities, the availability of resources, and the receipt of receivables from
outside sources. Use of a scheduling tool may facilitate the development and maintenance of the schedule.

Scheduling is an essential component of planning and managing the activities of a project. The process of creating
a network schedule provides a standard method for defining and communicating what needs to be done, how long
it will take, and how each element of the project WBS might affect other elements. A complete network schedule

may be used to calculate how long it will take to complete a project; which activities determine that duration (i.e.,
critical path activities); and how much spare time (i.e., float) exists for all the other activities of the project.

“Critical path” is the sequence of dependent tasks that determines the longest duration of time needed to complete
the project. These tasks drive the schedule and continually change, so they should be updated. The critical path
may encompass only one task or a series of interrelated tasks. It is important to identify the critical path and the
resources needed to complete the critical tasks along the path if the project is to be completed on time and within
its resources. As the project progresses, the critical path will change as the critical tasks are completed or as other
tasks are delayed. This evolving critical path with its identified tasks needs to be carefully monitored during the
progression of the project.

Network scheduling systems help managers accurately assess the impact of both technical and resource changes
on the cost and schedule of a project. Cost and technical problems often show up first as schedule problems.
Understanding the project’s schedule is a prerequisite for determining an accurate project budget and for tracking
performance and progress. Because network schedules show how each activity affects other activities, they assist
in assessing and predicting the consequences of schedule slips or accelerations of an activity on the entire project.

For additional information on scheduling, refer to NASA Scheduling Management Handbook, NASA/SP-2010-
3403.

Budgeting

Budgeting and resource planning involve establishing a reasonable project baseline budget and the capability to
analyze changes to that baseline resulting from technical and/or schedule changes. The project’s WBS, baseline
schedule, and budget should be viewed as mutually dependent, reflecting the technical content, time, and cost of
meeting the project’s goals and objectives. The budgeting process needs to take into account whether a fixed cost
cap or fixed cost profile exists. When no such cap or profile exists, a baseline budget is developed from the WBS
and network schedule. This specifically involves combining the project team and other resource needs with the
appropriate costs and other financial and programmatic factors to obtain cost element estimates. For student-lead
projects, there may or may not be direct labor costs associated with project tasks. The elements of cost include:

e Direct labor costs,

e Overhead costs,
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o Other direct costs (travel, data processing, etc.),

e Subcontract costs,

e Material costs,

e Equipment costs,

e General and administrative costs,

o Cost of money (i.e., interest payments, if applicable),

o Fee (if applicable), and

Contingency (Unallocated Future Expenses (UFE)).

7.1.2.4 Prepare the SEMP and Other Technical Plans
Systems Engineering Management Plan

The SEMP is the primary, top-level technical management document for the project and is developed early in the
Formulation Phase and updated throughout the project life cycle. The SEMP is driven by the type of project, the
phase in the project life cycle, and the technical development risks and is written specifically for each project or
project element. While the specific content of the SEMP is tailored to the project, the recommended content is
discussed in Appendix C. It is important to remember that the main value of the SEMP is in the work that goes
into the planning.

The technical team, working under the overall project plan, develops and updates the SEMP as necessary. The
technical team works with the project manager to review the content and obtain concurrence. This allows for
thorough discussion and coordination of how the proposed technical activities would impact the programmatic,
cost, and schedule aspects of the project. The SEMP provides the specifics of the technical effort and describes
the technical processes that will be used, how the processes will be applied using appropriate activities, how the
project will be organized to accomplish the activities, and the cost and schedule associated with accomplishing the
activities.

The physical length of a SEMP is not what is important. This will vary from project to project. The plan needs to
be adequate to address the specific technical needs of the project. It is a living document that is updated as often
as necessary to incorporate new information as it becomes available and as the project develops through the
Implementation Phase. The SEMP should not duplicate other project documents; however, the SEMP should
reference and summarize the content of other technical plans.

The systems engineer and project manager should identify additional required technical plans based on the project
scope and type. If plans are not included in the SEMP, they should be referenced and coordinated in the
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development of the SEMP. Other plans, such as system safety, probabilistic risk assessment, and an HSI Plan also
may be planned for and coordinated with the SEMP. If a technical plan is a stand-alone, it should be referenced in
the SEMP. Depending on the size and complexity of the project, these may be separate plans or they may be
included within the SEMP. Once identified, the plans can be developed, training on these plans established, and
the plans implemented. Examples of technical plans in addition to the SEMP are listed in Appendix D.

The SEMP should be developed prior to beginning project execution. In developing the SEMP, the technical
approach to the project’s life cycle is developed. This determines the project’s length and cost. The development
of the programmatic and technical management approaches requires that the key project personnel develop an
understanding of the work to be performed and the relationships among the various parts of that work. Refer to
Sections 6.1.2.1 and 6.1.1.2 on WBSs and network scheduling, respectively. The SEMP then flows into the
project plan to ensure the proper allocation of resources including cost, schedule, and personnel.

The SEMP’s development requires contributions from knowledgeable programmatic and technical experts from
all areas of the project that can significantly influence the project’s outcome. The involvement of recognized
experts is needed to establish a SEMP that is credible to the project manager and to secure the full commitment of
the project team.

Role of the SEMP

The SEMP is the rule book that describes to all participants how the project will be technically managed. The
technical team on the project should have a SEMP to describe how it will conduct its technical management.
Since the SEMP is unique to a project, it should be updated for each significant programmatic change or it will
become outmoded and unused and the project could slide into an uncontrolled state. The project team should have
its SEMP developed before attempting to prepare an initial cost estimate since activities that incur cost, such as
technical risk reduction and human element accounting, need to be identified and described beforehand. The
SEMP describes the technical content of the project, the potentially costly risk management activities, and the
verification and validation techniques to be used, all of which should be included in the preparation of project cost
estimates. The project SEMP is the senior technical management document for the project; all other technical
plans should comply with it. The SEMP should be comprehensive and describe how a fully integrated engineering
effort will be managed and conducted.

Verification Plan

The verification plan is developed as part of the Technical Planning Process and is baselined at PDR. As the
design matures throughout the life cycle, the plan is updated and refined as needed. The task of preparing the
verification plan includes establishing the method of verification to be performed, dependent on the life-cycle
phase; the position of the product in the system structure; the form of the product used; and the related costs of
verification of individual specified requirements. The verification methods include analyses, inspection,
demonstration, and test. In some cases, the complete verification of a given requirement might require more than
one method. For example, to verify the performance of a product may require looking at many use cases. This
might be accomplished by running a Monte Carlo simulation (analysis) and also running actual tests on a few of
the key cases. The verification plan, typically written at a detailed technical level, plays a pivotal role in bottom-
up product realization.

A phase product can be verified recursively throughout the project life cycle and on a wide variety of product
forms. For example:

o Simulated (algorithmic models, virtual reality simulator);

o  Mockup (plywood, brassboard, breadboard);
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e Concept description (paper report);

e Engineering unit (fully functional but may not be same form/fit);

e Prototype (form, fit, and function);

o Design verification test units (form, fit, and function is the same, but they may not have flight parts);

e Qualification units (identical to flight units but may be subjected to extreme environments); and

e Flight units (end product that is flown, including protoflight units).

Types of Hardware

+ Breadboard: A low fidelity unit that demonstrates function only without considering form or fit in
the case of hardware or platform in the case of software. It often uses commercial and/or ad hoc
compenents and is not intended to provide definitive information regarding operational
performance.

+ Brassboard: A medium fidelity functional unit that typically tries to make use of as much
operational hardware/software as possible and begins to address scaling issues associated with
the operational system. It does not have the engineering pedigree in all aspects, but is structured
to be able to operate in simulated operational environments in order to assess performance of
critical functions.

+ Engineering Unit: A high fidelity unit that demonstrates critical aspects of the engineering
processes involved in the development of the operational unit. Engineering test units are intended
to closely resemble the final product (hardware/software) to the maximum extent possible and are
built and tested so as to establish confidence that the design will function in the expected
environments. In some cases, the engineering unit will become the final product, assuming proper
traceability has been exercised over the components and hardware handling.

* Prototype Unit: The prototype unit demonstrates form, fit, and function at a scale deemed to be
representative of the final product operating in its operational environment. A subscale test article
provides fidelity sufficient to permit validation of analytical models capable of predicting the
behavior of full-scale systems in an operational environment.

+ Qualification Unit: A unit that is the same as the flight unit (form, fit, function, components, etc.)
that will be exposed to the extremes of the environmental criteria (thermal, vibration, etc.). The unit
will typically not be flown due to these off-nominal stresses.

+ Protoflight Unit: In projects that will not develop a qualification unit, the flight unit may be
designated as a protoflight unit and a limited version of qualification test ranges will be applied.
This unit will be flown.

Verification of the end product—that is, the official “run for the record” verification where the program/project
takes credit for meeting a requirement—is usually performed on a qualification, protoflight, or flight unit to

ensure its applicability to the flight system. However, with discussion and approval from the program/project and
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systems engineering teams, verification credit may be taken on lower fidelity units if they can be shown to be
sufficiently like the flight units in the areas to be verified.

Any of these types of product forms may be in any of these states:

e Produced (built, fabricated, manufactured, or coded);

o Reused (modified internal non-developmental products or OTS product); or

o Assembled and integrated (a composite of lower-level products).

The conditions and environment under which the product is to be verified should be established and the
verification should be planned based on the associated entrance/exit criteria that are identified.

Procedures should be prepared to conduct verification based on the method (e.g., analysis, inspection,
demonstration, or test) planned. These procedures are typically developed during the design phase of the project
life cycle and matured as the design is matured. Operational use scenarios are thought through in order to explore
all possible verification activities to be performed.

Mote: The final, official verification of the end product should be on a controlled unit. Typically,
attemnpting to “buy off" a “shall" on a prototype is not acceptable; it is usually completed on a
qualification, flight, or other more final, controlled unit.

As appropriate, project risk items are updated based on approved verification strategies that cannot duplicate fully
integrated test systems, configurations, and/or target operating environments. Rationales, trade space,
optimization results, and implications of the approaches are documented in the new or revised risk statements as
well as references to accommodate future design, test, and operational changes to the project baseline.

Validation Plan

The validation plan is one of the work products of the Technical Planning Process and is generated to validate the
end product against the baselined stakeholder expectations. This plan can take many forms. The plan describes the
total Test and Evaluation (T&E) planning from development of lower-end through higher-end products in the
system structure and through operational T&E into production and acceptance. It may combine the verification
and validation plans into a single document, especially for smaller project efforts. (See Appendix E for a sample
Verification and Validation Plan outline.)

The methods of validation include test, demonstration, inspection, and analysis. While the name of each method is
the same as the name of the methods for verification, the purpose and intent as described above are quite different.

Planning to conduct the product validation is a key first step. The method of validation to be used (e.g., analysis,
demonstration, inspection, or test) should be established based on the form of the realized end product, the
applicable life-cycle phase, cost, schedule, resources available, and location of the system product within the
system structure.

An established set or subset of expectations or behaviors to be validated should be identified and the validation
plan reviewed (an output of the Technical Planning Process, based on design solution outputs) for any specific
procedures, constraints, success criteria, or other validation requirements. The conditions and environment under
which the product is to be validated should be established and the validation should be planned based on the
relevant life-cycle phase and associated success criteria identified. The Decision Analysis Process should be used
to help finalize the planning details.
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It is important to review the validation plans with relevant stakeholders and to understand the relationship
between the context of the validation and the context of use (human involvement). As part of the planning
process, validation-enabling products should be identified and scheduling and/or acquisition should be initiated.

Procedures should be prepared to conduct validation based on the method planned; e.g., analysis, inspection,
demonstration, or test). These procedures are typically developed during the design phase of the project life cycle
and matured as the design is matured. Operational and use-case scenarios are thought through in order to explore
all possible validation activities to be performed.

Validation is conducted by the user/operator or by the developer. Systems-level validation may be performed by
an acquirer testing organization. For those portions of validation performed by the developer, appropriate
agreements should be negotiated to ensure that validation proof-of-documentation is delivered with the product.

Regardless of the source (buy, make, reuse, assemble and integrate) and the position in the system structure, all
realized end products should be validated to demonstrate/confirm satisfaction of stakeholder expectations.
Variations, anomalies, and out-of-compliance conditions, where such have been detected, are documented along
with the actions taken to resolve the discrepancies. Validation is typically carried out in the intended operational
environment or a relevant environment under simulated or actual operational conditions, not necessarily under the
tightly controlled conditions usually employed for the Product Verification Process.

Environments

» Relevant Environment: Not all systems, subsystems, and/or components need to be operated
in the operational environment in order to satisfactorily address performance margin
requirements or stakeholder expectations. Conseguently, the relevant environment is the specific
subset of the operational environment that is required to demonstrate critical “at risk” aspects of
the final product performance in an operational environment.

« Operational Environment: The environment in which the final product will be operated. In the
case of space flight hardware/software, it is space. In the case of ground-based or airborne
systems that are not directed toward space flight, it is the environments defined by the scope of
operations. For software, the environment is defined by the operational platform.

Validation of phase products can be performed recursively throughout the project life cycle and on a wide variety
of product forms. For example:

e Simulated (algorithmic models, virtual reality simulator);

¢ Mockup (plywood, brassboard, breadboard);

e Concept description (paper report);

e Engineering unit (functional but may not be same form/fit);

e Prototype (product with form, fit, and function);
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o Design validation test units (form, fit, and function may be the same, but they may not have flight parts);

e Qualification unit (identical to flight unit but may be subjected to extreme environments); and

e Flight unit (end product that is flown).

Any of these types of product forms may be in any of these states:

e Produced (built, fabricated, manufactured, or coded);

¢ Reused (modified internal non-developmental products or off-the-shelf product); or

o Assembled and integrated (a composite of lower-level products).

Mote: The final, official validation of the end product should be for a controlled unit. Typically,
attempting final validation against the ConOps on a prototype is not acceptable: it is usually
completed on a qualification, flight, or other more final, controlled unit.

Mote: In planning for validation, consideration should be given to the extent to which validation testing
will be done. Im many instances, off-nominal operational scenarios and nominal operational scenarios
should be utilized. Off-nominal testing offers insight into a system'’s total performance characteristics
and often assists in identifying the design issues and human-machine interface, training, and
procedural changes required to meet the mission goals and objectives. Off-nominal testing as well as
nominal testing should be included when planning for validation.

For additional information on technical plans, refer to the following appendices of this document and to Section
6.1.1.2.4 of the NASA Expanded Guidance for Systems Engineering at Expanded Guidance for NASA SE
NASA/SP-2016-6105-SUPPL :

e Appendix A Integration Plan Outline

e Appendix E Verification and Validation Plan Outline
e Appendix C SEMP Content Outline

e Appendix D Technical Plans

e Appendix F Interface Requirements Document Outline
e Appendix G CM Plan Outline

e Appendix H HSI Plan Outline

e Appendix I Concept of Operations Outline
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7.1.2.5 Obtain Stakeholder Commitments to Technical Plans
Stakeholder Roles in Project Planning

To obtain commitments to the technical plans from the stakeholders, the technical team should ensure that the
appropriate stakeholders, including subject domain experts, have a method to provide inputs and to review the
project planning for implementation of stakeholder interests.

During the Formulation Phase, the roles of the stakeholders should be defined in the project plan and the SEMP.
Review of these plans and the agreements from the stakeholders to the content of these plans constitutes buy-in
from the stakeholders to the technical approach. It is essential to identify the stakeholders and get their
concurrence on the technical approach.

Later in the project life cycle, stakeholders may be responsible for delivering products to the project. Initial
agreements regarding the responsibilities of the stakeholders are key to ensuring that the project technical team
obtains the appropriate deliveries from stakeholders.

For university project teams, stakeholders may be instructors or professors, project sponsors, or local subject
matter experts just to name a few.

Stakeholder Involvement in Defining Requirements

The identification of stakeholders is one of the early steps in the systems engineering process. As the project
progresses, stakeholder expectations are flowed down and specific stakeholders are identified for all of the
primary and derived requirements. A critical part of the stakeholders’ involvement is in the definition of the
technical requirements. As requirements and the ConOps are developed, the stakeholders will be required to agree
to these products. Inadequate stakeholder involvement leads to inadequate requirements and a resultant product
that does not meet the stakeholder expectations. Status on relevant stakeholder involvement should be tracked and
corrective action taken if stakeholders are not participating as planned.

Stakeholder Support Forums

During development of the project plan and the SEMP, forums are established to facilitate communication and
document decisions during the life cycle of the project. These forums include meetings, working groups, decision
panels, and control boards. Each of these forums should establish a charter to define the scope and authority of the
forum and identify necessary voting or nonvoting participants. Ad hoc members may be identified when the
expertise or input of specific stakeholders is needed when specific topics are addressed. It is important to ensure
that stakeholders have been identified to support the forum.

7.1.2.6 Capture Technical Planning Work Products

The work products from the Technical Planning Process should be managed as required. Some of the more
important products of technical planning (i.e., the WBS, the SEMP, and the schedule, etc.) are kept under current
throughout the project life cycle. Additional products are captured such as trade studies, cost estimates, technical
analyses, reports, and other important. Work products, such as meeting minutes and correspondence (including e-
mail) containing decisions or agreements with stakeholders also should be retained and stored in project files for
later reference.

7.1.3 Outputs
Typical outputs from technical planning activities are:

e Technical work cost estimates, schedules, and resource needs: e.g., funds, workforce, facilities, and
equipment (to the project) within the project resources;

29



e Product and process measures: Those needed to assess progress of the technical effort and the
effectiveness of processes (to the Technical Assessment Process);

e SEMP and other technical plans: Technical planning strategy, WBS, SEMP, HSI Plan, V&YV Plan, and
other technical plans that support implementation of the technical effort (to all processes; applicable plans
to technical processes);

e Technical Planning Process work products: Includes products needed to provide reports, records, and
non-deliverable outcomes of process activities.

The resulting technical planning strategy constitutes an outline, or rough draft, of the SEMP. This serves as a
starting point for the overall Technical Planning Process after initial preparation is complete. When preparations
for technical planning are complete, the technical team should have a cost estimate and schedule for the technical
planning effort. The budget and schedule to support the defined technical planning effort can then be negotiated
with the project manager to resolve any discrepancies between what is needed and what is available. The SEMP
baseline needs to be completed. Planning for the update of the SEMP based on programmatic changes needs to be
developed and implemented. The SEMP needs to be approved by the appropriate level of authority.

7.2 Technical Planning Guidance
Refer to Section 6.1.2 in the NASA Expanded Guidance for Systems Engineering at Expanded Guidance for
NASA SE NASA/SP-2016-6105-SUPPL for additional guidance on:

e Work Breakdown Structure (WBS),
e cost definition and modeling, and
e |essons learned.

Additional information on the WBS can also be found in NASA Work Breakdown Structure Handbook,
NASA/SP-2016-3403/REV1. NASA/SP-2010-3404, NASA Work Breakdown Structure Handbook and on
costing in the NASA Cost Estimating Handbook.

8.0 Interface Management

The definition, management, and control of interfaces are crucial to successful programs or projects. Interface
management is a process to assist in controlling product development when efforts are divided among parties
(e.g., Government, contractors, geographically diverse technical teams, etc.) and/or to define and maintain
compliance among the products that should interoperate.

The basic tasks that need to be established involve the management of internal and external interfaces of the
various levels of products and operator tasks to support product integration. These basic tasks are as follows:

e Define interfaces;

o Identify the characteristics of the interfaces (physical, electrical, mechanical, human, etc.);

e Ensure interface compatibility at all defined interfaces by using a process documented and approved by

the project;
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Strictly control all of the interface processes during design, construction, operation, etc.;

Identify lower-level products to be assembled and integrated (from the Product Transition Process);

Identify assembly drawings or other documentation that show the complete configuration of the product
being integrated, a parts list, and any assembly instructions (e.g., torque requirements for fasteners);

Identify end-product, design-definition-specified requirements (specifications), and configuration
documentation for the applicable work breakdown structure model, including interface specifications, in
the form appropriate to satisfy the product life-cycle phase success criteria; and

Identify product integration-enabling products (from existing resources or the Product Transition Process
for enabling product realization).

8.1 Process Description
The activities of the Interface Management Process are described below.

8.1.1 Inputs
Typical inputs needed to understand and address interface management would include the following:

Interface Requirements: These include the internal and external functional, physical, and performance
interface requirements developed previously for the product(s).

Interface Change Requests: These include changes resulting from program or project agreements or
changes on the part of the technical team.

Other inputs that might be useful are:

System Description: This allows the design of the system to be explored and examined to determine
where system interfaces exist.

System Boundaries: Documented physical boundaries, components, and/or subsystems, which are all
drivers for determining where interfaces exist.

Organizational Structure: Decisions on which organization will dictate interfaces, particularly when
there is the need to jointly agree on shared interface parameters of a system. The program and project
WBS will also provide organizational interface boundaries.

Boards Structure: Defined board structure that identifies organizational interface responsibilities.
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8.1.2 Prepare or Update Interface Management Procedures

These procedures establish the interface management responsibilities, what process will be used to maintain and
control the internal and external functional and physical interfaces (including human), and how the change
process will be conducted. Training of the technical teams or other support may also be required and planned.

8.1.3 Conduct Interface Management during System Design Activities

During project formulation, the ConOps of the product is analyzed to identify both external and internal
interfaces. This analysis will establish the origin, destination, stimuli, and special characteristics of the interfaces
that need to be documented and maintained. As the system structure and architecture emerges, interfaces will be
added and existing interfaces will be changed and should be maintained. Thus, the Interface Management Process
has a close relationship to other areas during this period.

8.1.4 Conduct Interface Management during Product Integration

During product integration, interface management activities would support the review of integration and assembly
procedures to ensure interfaces are properly marked and compatible with specifications and interface control
documents. The interface management process has a close relationship to verification and validation. Interface
control documentation and approved interface requirement changes are used as inputs to the Product Verification
Process and the Product Validation Process, particularly where verification test constraints and interface
parameters are needed to set the test objectives and test plans. Interface requirements verification is a critical
aspect of the overall system verification.

8.1.5 Conduct Interface Control

Typically, an Interface Working Group (IWG) establishes communication links between those responsible for
interfacing systems, end products, enabling products, and subsystems. The IWG has the responsibility to ensure
accomplishment of the planning, scheduling, and execution of all interface activities. An IWG is typically a
technical team with appropriate technical membership from the interfacing parties. The IWG may work
independently or as a part of a larger change control board.

8.1.6 Capture Work Products

Work products include the strategy and procedures for conducting interface management, rationale for interface
decisions made, assumptions made in approving or denying an interface change, actions taken to correct identified
interface anomalies, lessons learned and updated support and interface agreement documentation.

8.1.7 Outputs
Typical outputs needed to capture interface management would include:

¢ Interface control documentation. This is the documentation that identifies and captures the interface
information and the approved interface change requests. Types of interface documentation include the
Interface Requirements Document (IRD), Interface Control Document/Drawing (ICD), Interface
Definition Document (IDD), and Interface Control Plan (ICP). These outputs will then be maintained and
approved and become a part of the overall technical data package for the project.

e Approved interface requirement changes. After the interface requirements have been baselined, they
should be managed to identify the need for changes, evaluate the impact of the proposed change,
document the final approval/disapproval, and update the requirements documentation/tool/database. For
interfaces that require approval from all sides, unanimous approval is required. Changing interface
requirements late in the design or implementation life cycle is more likely to have a significant impact on
the cost, schedule, or technical design/operations.
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e Other work products. These work products include the strategy and procedures for conducting interface
management, the rationale for interface decisions made, the assumption made in approving or denying an
interface change, the actions taken to correct identified interface anomalies, the lessons learned in
performing the interface management activities, and the updated support and interface agreement
documentation.

8.2 Interface Management Guidance
Refer to Section 6.3.2 in the NASA Expanded Guidance for Systems Engineering at Expanded Guidance for
NASA SE NASA/SP-2016-6105-SUPPL for additional guidance on:

e interface requirements documents,
e interface control documents,

o interface control drawings,

e interface definition documents,

o the interface control plans, and

e interface management tasks.

9.0 Technical Risk Management

The Technical Risk Management Process is one of the crosscutting technical management processes. Risk is the
potential for performance shortfalls, which may be realized in the future, with respect to achieving explicitly
established and stated performance requirements. The performance shortfalls may be related to institutional
support for mission execution or related to any one or more of the following mission execution domains:

o Safety

e Technical
e Cost

e Schedule

Systems engineers are involved in this process to help identify potential technical risks, develop mitigation plans,
monitor progress of the technical effort to determine if new risks arise or old risks can be retired, and to be
available to answer questions and resolve issues. The following is guidance in implementation of risk
management in general. Thus, when implementing risk management on any given program/project, the
responsible systems engineer should direct the effort accordingly. The idea is to tailor the risk management
process so that it meets the needs of the individual program/project being executed.

Risk is characterized by three basic components:

1. The scenario(s) leading to degraded performance with respect to one or more performance measures (e.g.,
scenarios leading to injury, fatality, destruction of key assets; scenarios leading to exceedance of mass
limits; scenarios leading to cost overruns; scenarios leading to schedule slippage);

2. The likelihood(s) (qualitative or quantitative) of those scenario(s); and

3. The consequence(s) (qualitative or quantitative severity of the performance degradation) that would result
if the scenario(s) was (were) to occur.
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Uncertainties are included in the evaluation of likelihoods and consequences.

Scenarios begin with a set of initiating events that cause the activity to depart from its intended state. For each
initiating event, other events that are relevant to the evolution of the scenario may (or may not) occur and may
have either a mitigating or exacerbating effect on the scenario progression. The frequencies of scenarios with

undesired consequences are determined. Finally, the multitude of such scenarios is put together, with an
understanding of the uncertainties, to create the risk profile of the system.

This “risk triplet” conceptualization of risk is illustrated in Figures 9.0-1 and 9.0-2.

3. What are the consequences?

1. What can go wrong? 2. How frequently does it happen? (scenario consequence

(definition of scenarios) {scenario frequency quantification) quantification)
Scenario Development ) I -
Imﬁating Event i | Scenario Consequence
Selection \ M odeali: H Frequency Modeling
8 . Evaluation D
Uncertainty Analysis

Figure 9.0-1 Risk Scenario Development (Source: NASA/SP-2011-3421)

Tt

RISK =

-c.j
(XYX B N
5 Likelihood and Consequence Severity
Structure of Scenario Its Uncertainty and Its Uncertainty

Figure 9.0-2 Risk as an Aggregate Set of Risk Triplets

Undesired scenario(s) might come from technical or programmatic sources (e.g., a cost overrun, schedule

slippage, safety mishap, health problem, malicious activities, environmental impact, or failure to achieve a needed

scientific or technological objective or success criterion). Both the likelihood and consequences may have
associated uncertainties.
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* Key Concepts in Risk Management Risk: Risk is the potential for shortfalls, which may be
realized in the future with respect to achieving explicitly-stated requirements. The performance
shortfalls may be related to institutional support for mission execution, or related to any one or
more of the following mission execution domains: safety, technical, cost, schedule. Risk is
characterized as a set of triplets:

» The scenario(s) leading to degraded performance in one or more performance measures.
» The likelihood(s) of those scenarios.

» The consequence(s), impact. or severity of the impact on performance that would result if
those scenarios were to occur.

Uncertainties are included in the evaluation of likelihoods and consequences.

* Cost Risk: This is the risk associated with the ability of the program/project to achieve its life-
cycle cost objectives and secure appropriate funding. Two risk areas bearing on cost are (1) the
risk that the cost estimates and objectives are not accurate and reasonable; and (2) the risk that
program execution will not meet the cost objectives as a result of a failure to handle cost,
schedule, and performance risks.

* Schedule Risk: Schedule risks are those associated with the adequacy of the time estimated
and allocated for the development, production, implementation, and operation of the system.
Two risk areas bearing on schedule risk are (1) the risk that the schedule estimates and
objectives are not realistic and reasonable; and (2) the risk that program execution will fall short
of the schedule objectives as a result of failure to handle cost, schedule, or performance risks.

* Technical Risk: This is the risk associated with the evolution of the design and the production
of the system of interest affecting the level of performance necessary to meet the stakeholder
expectations and technical requirements. The design, test, and production processes (process
risk) influence the technical risk and the nature of the product as depicted in the various levels
of the PBS (product risk).

* Programmatic Risk: This is the risk associated with action or inaction from outside the project,
over which the project manager has no control, but which may have significant impact on the
project. These impacts may manifest themselves in terms of technical, cost, and/or schedule.

o Scenario: A sequence of credible events that specifies the evolution of a system or process
from a given state to a future state. In the context of risk management, scenarios are used to
identify the ways in which a system or process in its current state can evolve to an undesirable
state.

9.1 Risk Management Process Description
The activities of the Risk Management Process are described below.

9.1.1 Inputs
The following are typical inputs to risk management:

¢ Project Risk Management Plan: The Risk Management Plan is developed under the Technical Planning

Process and defines how risk will be identified, mitigated, monitored, and controlled within the project.

e Technical Risk Issues: These will be the technical issues identified as the project progresses that pose a

risk to the successful accomplishment of the project mission/goals.
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e Technical Risk Status Measurements: These are any measures that are established that help to monitor
and report the status of project technical risks.

e Technical Risk Reporting Requirements: Includes requirements of how technical risks will be reported,
how often, and to whom.

Additional inputs that may be useful:

e Other Plans and Policies: Systems Engineering Management Plan, form of technical data products, and
policy input to metrics and thresholds.

o Technical Inputs: Stakeholder expectations, concept of operations, imposed constraints, tracked
observables, current program baseline, performance requirements, and relevant experience data.

9.1.2 Prepare a Strategy to Conduct Technical Risk Management

This strategy would include documenting how the program/project risk management plan will be implemented,
identifying any additional technical risk sources and categories not captured in the plan, identifying what will
trigger actions and how these activities will be communicated to the internal and external teams.

9.1.3 Identify Technical Risks

On a continuing basis, the technical team will identify technical risks including their source, analyze the potential
consequence and likelihood of the risks occurring, and prepare clear risk statements for entry into the
program/project risk management system. Coordination with the relevant stakeholders for the identified risks is
included.

9.1.4 Conduct Technical Risk Management

The risk management approach described in this guide entails two complementary processes: Risk-Informed
Decision Making (RIDM) and Continuous Risk Management (CRM). RIDM is intended to inform direction-
setting systems engineering (SE) decisions (e.g., design decisions) through better use of risk and uncertainty
information in selecting alternatives and establishing baseline performance requirements.

CRM is then used to manage risks over the course of the development and implementation phases of the life cycle
to assure that requirements related to safety, technical, cost, and schedule are met. In the past, RM was considered
equivalent to the CRM process; now, RM is defined as comprising both the RIDM and CRM processes, which
work together to assure proactive risk management as programs and projects are conceived, developed, and
executed. Figure 9.1-1 illustrates the concept.

36



N
RM = RIDM + CRM
N ¥

Figure 9.1-1 Risk Management as the Interaction of Risk-Informed Decision Making and Continuous Risk
Management (Source: NASA/SP-2011-3422)

9.1.5 Prepare for Technical Risk Mitigation

This includes selecting the risks that will be mitigated and more closely monitored, identifying the risk level or
threshold that will trigger a risk mitigation action plan, and identifying for each risk which stakeholders will need
to be informed that a mitigation/contingency action is determined as well as which organizations will need to
become involved to perform the mitigation/contingency action.

9.1.6 Monitor the Status of Each Technical Risk Periodically

Risk status will need to be monitored periodically at a frequency identified in the risk plan. Risks that are
approaching the trigger thresholds will be monitored on a more frequent basis. Reports of the status are made to
the appropriate program/project management or board for communication and for decisions whether to trigger a
mitigation action early. Risk status will also be reported at most life-cycle reviews.

9.1.7 Implement Technical Risk Mitigation and Contingency Action Plans as Triggered

When the applicable thresholds are triggered, the technical risk mitigation and contingency action plans are
implemented. This includes monitoring the results of the action plan implementation and modifying them as
necessary, continuing the mitigation until the residual risk and/or consequence impacts are acceptable, and
communicating the actions and results to the identified stakeholders. Action plan reports are prepared and results
reported at appropriate boards and at life-cycle reviews.

9.1.8 Capture Work Products

Work products include the strategy and procedures for conducting technical risk management; the rationale for
decisions made; assumptions made in prioritizing, handling, and reporting technical risks and action plan
effectiveness; actions taken to correct action plan implementation anomalies; and lessons learned.

9.1.9 Outputs
Following are key risk outputs from activities:

o Technical Risk Mitigation and/or Contingency Actions: Actions taken to mitigate identified risks or
contingency actions taken in case risks are realized.

o Technical Risk Reports: Reports of the technical risk policies, status, remaining residual risks, actions
taken, etc. Output at the agreed-to frequency and recipients.
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o Work Products: Includes the procedures for conducting technical risk management; rationale for
decisions made; selected decision alternatives; assumptions made in prioritizing, handling, and reporting
technical risks; and lessons learned.

9.2 Risk Management Process Guidance
For additional guidance on risk management, refer to NASA RIDM Handbook NASA/SP-2010-576 and NASA
Risk Management Handbook NASA/SP-2011-3422.

10.0 Technical Data Management

The Technical Data Management Process is used to plan for, acquire, access, manage, protect, and use data of a
technical nature to support the total life cycle of a system. Data Management (DM) includes the development,
deployment, operations and support, eventual retirement, and retention of appropriate technical, to include
mission and science, data beyond system retirement.

Key aspects of DM for systems engineering include:

o Application of policies and procedures for data identification and control,

e Timely and economical acquisition of technical data,

e Assurance of the adequacy of data and its protection,

o Facilitating access to and distribution of the data to the point of use,

e Analysis of data use,

Evaluation of data for future value to other programs/projects, and

e Process access to information written in legacy software.

The Technical Data Management ensures all information about the project is safe, known, and accessible.
Changes to information under Technical Data Management need to be managed by identifying who can make
changes to each type of technical data.

10.1 Process Description
The activities of the Technical Data Management Process are described below.

10.1.1 Inputs
The inputs for this process are:

e Technical data products to be managed: Technical data, regardless of the form or method of recording
and who has generated the data during the life cycle of the system being developed. (Electronic technical
data should be stored with sufficient metadata to enable easy retrieval and sorting.)
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o Technical data requests: External or internal requests for any of the technical data generated by the
program/project.

10.1.2 Prepare for Technical Data Management Implementation
The recommended procedure is that the DM plan to be a standalone plan. DM issues are usually of sufficient
magnitude to justify a separate plan. The plan should cover the following major DM topics:

o Identification/definition/management of data sets.

e Control procedures—receipt, modification, review, and approval.

e Guidance on how to access/search for data for users.

o Data exchange formats that promote data reuse and help to ensure that data can be used consistently
throughout the system, family of systems, or system of systems.

o Data rights and distribution limitations such as export-control Sensitive But Unclassified (SBU).

e Storage and maintenance of data, including master lists where documents and records are maintained and
managed.

Prepare a technical data management strategy. This strategy can document how the program / project data
management plan will be implemented by the technical effort or, in the absence of such a program-Ilevel plan, be
used as the basis for preparing a detailed technical data management plan, including:

>

Items of data that will be managed according to program/project or organizational policy, agreements,
or legislation;

The data content and format;

A framework for data flow within the program/project and to/from contractors including the
language(s) to be employed in technical effort information exchanges;

Technical data management responsibilities and authorities regarding the origin, generation, capture,
archiving, security, privacy, and disposal of data products;

Establishing the rights, obligations, and commitments regarding the retention of, transmission of, and
access to data items; and
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» Relevant data storage, transformation, transmission, and presentation standards and conventions to be
used according to program/project or organizational policy, agreements, or legislative constraints.

e Obtain strategy/plan commitment from relevant stakeholders.

e Prepare procedures for implementing the technical data management strategy for the technical effort
and/or for implementing the activities of the technical data management plan.

o Establish a technical database(s) to use for technical data maintenance and storage or work with the
program/project staff to arrange use of the program/project database(s) for managing technical data.

o Establish data collection tools, as appropriate to the technical data management scope and available
resources.

o Establish electronic data exchange interfaces in accordance with applicable standards.

Train appropriate stakeholders and other technical personnel in the established technical data management
strategy/plan, procedures, and data collection tools, as applicable.

Data Identification/Definition

Each program/project determines data needs during the life cycle. Data types may be defined in standard
documents. The standard description is modified to suit program/project-specific needs. Below are the different
types of data that might be utilized within a program/ project:

e Data

>

“Data” is defined in general as “recorded information regardless of the form or method of
recording.” However, the terms “data” and “information” are frequently used interchangeably. To
be more precise, data generally should be processed in some manner to generate useful,
actionable information.

“Data,” as used in SE DM, includes technical data; computer software documentation; and
representation of facts, numbers, or data of any nature that can be communicated, stored, and
processed to form information.

Data include that associated with system development, modeling and simulation used in
development or test, test and evaluation, installation, parts, spares, repairs, usage data required for
product sustainability, and source and/or supplier data.

Data specifically not included in Technical Data Management would be data relating to general
workforce operations information, communications information (except where related to a
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specific requirement), financial transactions, personnel data, transactional data, and other data of
a purely business nature.

Information: Information is generally considered as processed data. The form of the processed data is
dependent on the documentation, report, review formats, or templates that are applicable.

Technical Data Package: A technical data package is a technical description of an item adequate for
supporting an acquisition strategy, production, engineering, and logistics support. The package defines the
required design configuration and procedures to ensure adequacy of item performance. It consists of all
applicable items such as drawings, associated lists, specifications, standards, performance requirements,
quality assurance provisions, and packaging details.

Technical Data Management System: The strategies, plans, procedures, tools, people, data formats, data
exchange rules, databases, and other entities and descriptions required to manage the technical data of a
program/project.

10.1.3 Collect and Store Data
Subsequent activities collect, store, and maintain technical data and provide it to authorized parties as required.
Some considerations that impact these activities for implementing Technical Data Management include:

Requirements relating to the flow/delivery of data to or from a party should be specified in the technical
data management plan.

Responsibility for data inputs into the technical data management system lies solely with the originator or
generator of the data.

The availability/access of technical data lies with the author, originator, or generator of the data in
conjunction with the manager of the technical data management system.

The established availability/access description and list should be baselined and placed under configuration
control.

For new programs/projects, a digital generation and delivery medium is desired. Existing
programs/projects should weigh the cost/benefit trades of digitizing hard copy data.
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Data Collection Checklist

» Have the frequency of collection and the points in the technical and technical management
processes when data inputs will be available been determined?

» Has the timeline that is required to move data from the point of origin to storage repositories or
stakeholders been established?

+» Who is responsible for the input of the data?
» Who is responsible for data storage, retrieval, and security?

» Have necessary supporting tools been developed or acquired?

Tables 10.1-1a and 10.1-1b define the tasks required to capture technical data.

10.1.4 Provide Data tot Authorized Parties

All data deliverables should include distribution statements and procedures to protect all data that contain critical

technology information, as well as to ensure that limited distribution data, intellectual property data, or
proprietary data are properly handled during systems engineering activities. This injunction applies whether the
data are hard copy or digital.
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Table 10.1-1a Technical Data Tasks

Description Tasks Expected Outcomes
Technical Collect and store inputs and technical effort outcomes from the Sharable data needed
data capture | technical and technical management processes, including: to perform and control
results from technical assessments; the technical and
descriptions of methods, tools, and metrics used; technical management
recommendations, decisions, assumptions, and impacts of technical m" crllacied
efforts and decisions; Stored datz; Inventory
lessons learned; S
deviations from plan;
anomalies and out-of-tolerances relative to requirements; and
other data for tracking requirements
Perform data integrity checks on collected data to ensure
compliance with content and format as well as technical data checks
to ensure there are no errors in specifying or recording the data.
Report integrity check anomalies or variances to the authors or
generators of the data for correction.
Prioritize, review, and update data collection and storage procedures
as part of regularly scheduled maintenance.
Technical Implement technical management roles and responsibdities with Records of technical
data technical data products recerved. data maintenance.
mainienance | Manage databasa(s) to ensure that collectad data have proper Technical effort data,
quality and integrity. and are properly retained. secure. and available | inclucing captured work
10 those with access authority. products, coniractor-
review technical dats management activibes 10 enswre | S8lverad documents,
consistency and identify anomalies and variances. and acquirer-provided
Review stored data 1o ensute completeness, inegrty. vabdty, documents are
avadabiity accurscy, surroncy, ond racoablity controlied and
Perform technical data maintenance, as requm T ;:' o
Identfy and document signédicant issues, thew impacts, and changes Mm":m‘““.
made to technical data to correct issues and mitigate impacts. descrption, '
Maintain, control, and prevent the stored data from being used tmeine, and secufity
MEppropriatety. dassification.

Store data in @ manner that enables easy and speedy retneval.
Maintain stored data in @ manner that protects the technical data
against foreseeable hazards, e.g., fire, fiood, earthquake, etc.
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Table 10.1-1b Technical Data Tasks (cont’d)

Description Expected Outcomes
Technical Maintain an information library or reference index to provide Access information
data/ technical data avallability and access instructions. (e.g., available data,
information | Receive and evaluate requests to determine data requirements and | 8C08SS means, security
distribution delivery nstructions. wocedums.mmnod
Process specal requests for technical effort data or information for availabilty, and
according to established procedures for handling such requests. P"‘“‘;:““’“”‘
Ensure that required and requested data are appropriately avaliable —
distributed to satisfy the needs of the acquirer and requesters in ?
accordance with the agreement. progranvproject directves, and Technical data are
technical data management plans and procedures. Ww:‘;':“’
Ensure that electronic access rules are followed before database mebmmtwm
access s allowed or any requested data are electronically released / NWUM
transferred to the requester. and by a secure mode
Provide proof of correctness, reliability, and security of technical data | of gelvery. as
provided to internal and external recipients. appicable.
Data Implement safeguards to ensure protection of the technical database | Current technical data
management | and of en route technical data from unauthorized access or intrusion. | management system.
system Establish proof of coherence of the overall technical dataset to Technical data are
maintenance | facilitate effective and efficient use. appropriately and
Maintain, as appiicable, backups of each technical database. regularty backed up to
Evaluate the technical data management system to identdy prevent data loss.

collection and storage performance issues and problems;
satisfaction of data users; risks associated with delayed or corrupted
data, unauthorized access, or survivability of information from
hazards such as fire, flood, earthquake, etc.

Review systematically the technical data management system,
including the database capacity, 10 determine its appropriateness for
successive phases of the Defense Acquisition Framework.
Recommend improvements for discoverad nsks and problems:
Handle risks identified as part of technical nsk management.
Control recommended changes through established program /
project change management activities.

10.1.5 Outputs
Outputs include timely, secure availability of needed data in various representations to those authorized to receive
it. Major outputs from the Technical Data Management Process include the following:

e Form of Technical Data Products: How each type of data is held and stored such as textual, graphic,
video, etc.

e Technical Data Electronic Exchange Formats: Description and perhaps templates, models or other
ways to capture the formats used for the various data exchanges.

o Delivered Technical Data: The data that were delivered to the requester. Other work products generated
as part of this process include the strategy and procedures used for technical data management, request
dispositions, decisions, and assumptions.

10.2 Technical Data Management Guidance
Refer to Section 6.6.2 in the NASA Expanded Guidance for Systems Engineering at Expanded Guidance for
NASA SE NASA/SP-2016-6105-SUPPL for additional guidance on:
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data security and

ITAR.

11.0 Technical Assessment

Technical assessment is the crosscutting process used to help monitor technical progress of a program/project
through periodic technical reviews and through monitoring of technical indicators such as MOEs, MOPs, Key
Performance Parameters (KPPs), and TPMs. The reviews and metrics also provide status information to support
assessing system design, product realization, and technical management decisions.

11.1 Process Description
The activities of the Technical Assessment Process are described below.

11.1.1 Inputs
The inputs for this process are:

Technical Plans: These are the planning documents that will outline the technical reviews/ assessment
process as well as identify the technical product/process measures that will be tracked and assessed to
determine technical progress. Examples of these plans are the program (or project) plan, SEMP (if
applicable), review plans (which may be part of the program or project plan), ILS plan, and EVM plan (if
applicable). These plans contain the information and descriptions of the program/project’s alignment with
and contribution to Agency strategic goals, its management approach, its technical approach, its
integrated cost and schedule, its budget, resource allocations, and its risk management approach.

Technical Process and Product Measures: These are the identified technical measures that will be
assessed or tracked to determine technical progress. These measures are also referred to as MOEs, MOPs,
KPPs, and TPMs. They provide indications of the program/project’s performance in key management,
technical, cost (budget), schedule, and risk areas.

Reporting Requirements: These are the requirements on the methodology in which the status of the
technical measures will be reported with regard to management, technical cost (budget), schedule, and
risk. The requirements apply internally to the program/project and are used externally by the Centers and
Mission Directorates to assess the performance of the program or project. The methodology and tools
used for reporting the status will be established on a project-by-project basis.

11.1.2 Process Activities
The process activities of the Technical Assessment Process are described below:

Prepare Strategy for Conducting Technical Assessments:

Assess Technical Work Productivity and Product Quality and Conduct Progress Reviews:

Capture Work Products:

11.1.3 Outputs
Typical outputs of the Technical Assessment Process include the following:
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Assessment Results, Findings, and Recommendations: This is the collective data on the established
measures from which trends can be determined and variances from expected results can be understood.
Results then feed into the Decision Analysis Process where corrective action may be necessary.

Technical Review Reports/Minutes: This is the collective information coming out of each review that
captures the results, recommendations, and actions with regard to meeting the review’s success criteria.

Other Work Products: These would include strategies and procedures for technical assessment, key
decisions and associated rationale, assumptions, and lessons learned.

11.2 Technical Assessment Guidance
Refer to Section 6.7.2 in the NASA Expanded Guidance for Systems Engineering at Expanded Guidance for
NASA SE NASA/SP-2016-6105-SUPPL for additional guidance on:

the basis of technical reviews,
audits,

Key Decision Points,

other reviews,

status reporting and assessment.

12.0 THE PSAT1U CUBESAT

Figure 12.0-1 The PSAT1U CubeSat

The mission of the PSAT1U project is to develop a 1U CubeSat educational satellite to expand on the launch
opportunities and mission capabilities of previous student-built 1.5U satellites. The design, depicted in Figure
12.0-1, reduces total cost through innovative engineering solutions without sacrificing overall performance and
capabilities. PSAT1U provides an engineering model for future students to use as well as a standard design to be
replicated by other academic institutions and their various payloads. The PSAT1U Baseline Model is an MBSE
representation of the satellite and is depicted in Appendix J.
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PSATI1U’s satellite design specifications are in Figure 12.0-2. As seen in the figure, the satellite is designed for a
maximum mass of 1500 g within the 1U frame. The specific dimensions of the structure itself, as well as the
satellite’s board organization, are shown in Figure 12.0-3. PSAT1U retains the capability to host a variety of
payloads on its top payload board. The Electrical Power System (EPS) and physical layout of the satellite are
designed with the goal of remaining flexible and providing all necessary power to whatever payload might be placed

on board for flight.

I_—-:-E -l -
L 1

Figure 12.0-2 PSAT1U Satellite Design Specifications
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Figure 12.0-3 PSAT1U Board Organization Dimensions

12.1 Electrical Power System

Utilizing a 1U footprint, the PSAT1U spacecraft must make efficient use of its small volume without sacrificing
overall performance and capabilities. The largest impact in using this small footprint when compared to larger
CubeSat Class satellites is a reduction in the potential solar panel collection area. In order to address this challenge,
the Electrical Power System (EPS) design is based on only two Sol Aero ZTJ solar cells per side, as shown in Figure

12.1-1 below.
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PSAT-1U Electrical Power Distribution
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Figure 12.1-1 PSAT1U Electrical Power System Design Diagram

PSAT1U utilized ZTJ solar cells, rather than the very expensive UTJ solar cells used in other CubeSats built at the
United States Naval Academy. While the UTJ cells offer predictable performance due to their high cost and quality
control, the ZT]J cells offer similar performance at one-tenth of the cost. The ZTJ cells are factory-seconds that do
not include cover glass. Instead, the design calls for the thicker microscope coverglass at 1% of the cost and the
added mass is insignificant.

NiCd batteries have over 50 years of space heritage and survivability and offer the best lifetime survivability and
reliability compared to Lithium-ion batteries. Lithiums offer more power in a smaller battery cell, but are much less
forgiving of abuse and require complex battery management systems per cell to prevent hazards and failures. Single
errors in charging or discharge can destroy the cell permanently. On the other hand, NiCd’s can survive occasional
overcharge and complete discharge without damage. NiCd batteries are also traditionally used in USNA CubeSats
due to their reliability and low cost. PSAT1U’s battery board design is shown in Figure 12.1-2.

Figure 12.1-2 PSAT1U Battery Board Design

Radiation-induced upsets and glitches can cause errors in spacecraft processors. In order to combat this, PSAT1U
has two secure power circuits and watchdog timers. One is on the communications board that will reset the
communicationss Central Processing Unit (CPU) and cycle power in the event of any lockup that stops its routine
as shown in Figure 12.1-3.
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Figure 12.1-3 Watchdog Timer Circuit Diagram

The main power bus for critical optional payload boards is the 5V secure line. It is made secure by the second
watchdog timer on the battery board that can cycle power off and back on if there is a payload processor failure. A
processor failure is assured if the optional payload CPU fails to toggle the heartbeat periodically. This secure
payload bus supplies critical voltage to the other boards and is independent from the power to the communcations
board, named the SATTA4.

Additionally, a 4V unsecure bus will also stem from the battery board to deliver unregulated and unsecure power
to the ADCS board and communications board circuits that only need raw power or that do not need the reset
possibility.

The overall power budget for PSAT1U is displayd in Figure 12.1-4.

Load Voltage | Ipk | Duty Cycle | Normal (mA) | StdBy (mA) | ALL ON {mA)
SATT4 RX (StdBy) 3 60 90% 4 4 OFF
SATT4 RX 3.3 120 10% 12 OFF 120
SATTATX TIm 4 750 2% 15 15 750
SATTA TX users 4 750 4% 30 OFF OFF
Arduino CPU On 3.3 3 10% 1 OFF 3
Arduino CPU Sleep| 3.3 2 90% 2 2 OFF
Payload StdBy 3.3
Payload OP 3.3 -
Totals 113 71 946
Solar Current per Panel = 503.085 mA Time (min) Avg Capacity Produced Per Orbit=  599.55 mAh
Average Current from geometry =  712.55 mA Eclipse: 30 Avg Capacity Consumed Per Orbit = 56.5 mah
Current Margin StdBy)* = 432.085 mA Daylight: 60 Capacity Margin 543.05 mah
Current Margin (Mormal)* = 390.085 mA

*Margin Calculated Assuming Single Fanel Power Production [minimum)

Figure 12.1-4 PSAT1U Power Budget

12.2 Attitude Determination Control System (ADCS)

The ADCS depends on sun vector inputs from all solar panels and the ADCS CPU is also used to read solar panel
current from each panel. Therefore, the ADCS board serves as the central connection point for the solar side panel
connectors which contain all of these signals and power. To facilitate these requirements, the ADCS board was
placed at the top of the stack so that the connections to all of the side panels can be made last during assembly.
Serving as the connection point between the ZTJ solar cells and the battery board, the ADCS board sums the current
from all the solar panels to power the rest of the EPS system.

Figure 12.2-1 shows the side panel for PSAT1U and highlights the embedded torquer coils. The coils are present
on both sides of the panel, and each face of the satellite is populated with a panel. Each torquer coil is designed to
provide a maximum of 1.43x107" Nm of torque. With four coils in total, the maximum torque available for the
spacecraft is 5.74x10" Nm. All attitude control will be performed by these coils.
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Figure 12.2-1 PSAT1U Side Panel with Torquer Coils

Magnetometers and sun sensors fulfill all attitude determination roles on PSAT1U. These standard components are
the same ones used on previous USNA CubeSats. The ADCS board is shown below in Figure 12.2-2.

Figure 12.2-2 ADCS Board Model

12.3 Communications System

PSAT1U has a communications board with a 1.5-Watt Automatic Packet Reporting System (APRS) transceiver

capable of operating in the 2-meter amateur radio band. The board can be programmed with two separate operating

configurations with the goal of enabling or disabling user digipeating (packet relay) and switching the uplink
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receiver to a separate frequency if needed for a payload experiment. The communications board, named the SATT4,
is displayed in Figure 12.3-1.

SATT4 Block Diagram
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Figure 12.3-1 Communications Board Block Diagram

Operating with the SATT4 communications board, uplink and downlink will occur at a frequency of 145.825 MHz.
A VHF wire antenna was designed to facilitate communication at this frequency and achieve a Standing Wave Ratio
(SWR) as close to ideal as possible. The antenna design is 724.5 mm in length. An EZNEC software model for
PSATI1U’s antenna design is shown in Figure 12.3-2.

> EZNEC

Figure 12.3-2. PSAT1U Antenna Design
The downlink and uplink link budgets for PSAT1U are included below in Tables 12.3-1 and 12.3-2.
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Table 12.3-1 PSAT1U Link Budget Downlink

PSAT1U VHF Downlink

Overhead Scenario (30° El) Horizon Scenario (10° El)

Frequency (MHz) 145.825 Frequency (MHz) 145.825
Altitude (km) 600.00 Altitude (km) 600.00
Elevation (deg) 30.00 Elevation (deg) 10.00
Range (km) 1075.19 Range (km) 1932.24
Space Loss (dB) -136.35 Space Loss (dB) -141.44
powerT'irsrr'tte'ofSate e {dBW]’ L.76 powerT'!rsrr'rte'afsate e {dBW} 176
GalN T anemitter antenna |OMANI) (dB) 0.00 GaiNyznsmiter antenna | OMANI) (dB) 0.00
GaiNgeceier antenns (GB) (Mobile Users) 5.00 GaiNgeceier antennz (OB) (Mobile Users) 5.00
Incidental Losses (dB) 3.00 Incidental Losses (dB) 3.00
P, (dBW) -132.59 P.(dBW) -137.68
P, (dBm) -102.59 P, (dBm) -107.68
Rx Threshold USMA & Users (dBm) -116.00 Rx Threshaold USNA & Users (dBm) -116.00
Margin for User (dBm) Margin for User (dBm)

Rx Command Link Antenna Gain (dBi) 15.00 Rx Command Link Antenna Gain (dBi) 15.00
Margin Command Link (dBm) Margin Command Link (dBm)

Table 12.3-2 PSAT1U Link Budget Uplink

PSAT1U VHF Uplink

Overhead Scenario (30° El) Horizon Scenario (10° El)

Frequency (MHz) 145.825 Frequency (MHz) 145.825
Altitude (km}) 600,00 Altitude (km) 600,00
Elevation (deg) 30.00 Elevation (deg) 10.00
Range (km) 1075.19 Range (km) 1932.24
Space Loss (dB) -136.35 Space Loss (dB) -141.44
P OWE ez nemiter of uzer (HBW) 7.00 POWEltranemiter of uzer | ABW) 7.00
GAIN T znemitter antenns |AB) (Mobile Users) 5.00 GalN T nemitter antenna | B) (Mobile Users) 5.00
GalNgeomyer antenns (AB) 0.00 GaiNgeceyer antenns (B} 0.00
Incidental Losses (dB) 3.00 Incidental Losses (dB) 3.00
P, (dBW) -127.35 P, (dBW) -132.44
P, (dBm) -97.35 P, (dBm) -102.44
Rx Threshold Satellite (dBm) -110.00 Rx Threshold Satellite (dBm) -110.00
Margin Users (dBm) Margin Users (dBm)

Rx Command Link Antenna Gain (dBi) 15.00 Rx Command Link Antenna Gain (dBi) 15.00
Margin Command Link {dBm) Margin Command Link {dBm)

As seen in the budgets, the link margins are favorable in both the downlink and uplink scenarios. In the
horizon scenarios for VHF downlink and uplink, users are predicted to experience 8.32 dB and 7.56 dB
margins respectively.

12.4 Payload

PSAT1U possesses the ability to host a variety of different payloads, depending on the mission objective.
In this way, the CubeSat was specifically designed to be a modular architecture with well understood
interfaces to allow practitioners to concentrate on payload design for their particular application. The
payload board resides at the top of PSAT 1U’s structure, as displayed in Figure 12.0-3.

PSAT1U is able to host payloads within certain physical and electrical specifications. Payloads must have
a mass less than 567 g. Any payload must have a volume no greater than 247 cm?®. Specifically, payloads
are allowed a maximum height of 4.0 cm, maximum width of 8.0 cm, and maximum depth of 7.7 cm.
Payloads should operate within the available on-orbit average power of 1.92 W, operating at a voltage of
5V during daylight.
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Appendix A: Integration Plan Outline

1 Purpose

The mtegration plan defines the integration and venfication strategies for a project interface with
the system design and decomposition mie the lower-level elements.” The intcgration plan is
strwctured (o bring the elements together 1o assemble each subsystem and to bring all of the
subsystems together to assemble the system/product. The pnmary purposes of the integration
plan are: (1) to desenbe this coordinated integration effort that supports the implementation
strategy, (2] to describe for the participants what needs to be done in each integration step, and
(3) to idenufy the required resources amnd when and where they will be needed.

2 Questions/Checklist

* Does the integration plan include and cover integration of all of the components and
subsystems of the project, either developed or purchased?

*  Does the integration plan sceount for all external svstems to be integrated with the system
{ for example, communications networks, field equipment, other complete systems owned by
the government or owned by other government agencies)?

s Does the integration plan fully support the implementation strategy, for example, when and
where the subsystems and system are to be used?

* Does the integration plan mesh with the verification plan?

For each integration step, does the imtegration plan define what components and subsystems
are to be integrated?

* For each integration step, does the integration plan identify all the needed participants and
define what their roles and responsibilinies are?

* Duoes the mtegration plan establish the sequence and schedule for every integration step?

*  Does the infegration plan spell out how integration problems are 1o be documenied and
resolved?

3 Integration Plan Contents
Title Page
The title pawe should follow the NASA procedures or style guide. Af a minimum, i showld

contain the following information:

+  INTEGRATION PLAN FOR THE [insert name of project] AND [insers name of
organization]

¥ The material in this appendix is adapied from Federnl Highway Administrotion and CalTrns, Spstemys Sngimesring
Cowhiledarak fo TS, Fersion 200
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*  Contract mumber

s Dhate thar the docwment was formally approved

«  The organization responsible for preparing the document
+  [mternal document comrol rumber, i available

o Revision version and date beswed

1.0 Purpose of Document

Thiz section gives a brief statement of the purpose af this document. It is the plan for integrating
the companents and subsvstems of the praject priov o verification.

2.0 Scope of Project

This section gives a brigf description of the planned project and the puirpose of the svstem to be
built. Special emphasis is placed on the project s deplovment complexities and challenges.

3.0 Integration Strategy

This section tells the reader what the high-level plan for integration is and, most imporiantly,
why the infegration plan is structured the way it is. The integration plan is subject fo several,
sometimes conflicting, consiraints. Alse, it is one part of the larger process of build, integrate,
verdfi, and depdoy, all of which should be synchronized o support the same project strategy. 5o,
Jor even o moderately complex project, the integration strategy, whick is based on a clear and
concise statement of the project s goals and objectives, is described heve at a high but all-
inciusive level. It may also be necessary to describe the analysis of alternative strafegies to make
i clear why ihis parficidar stralegy was sefecled.

The same stealegy 5 the basis for the ild plan, the verificasion plar, and the deploviment plan.
This section covers and describes each step in the integration process, It describes whar
components are infegrated al each step and gives a geneval idea of what threads af the
aperational capabilities (requirements) are covered. It ties the plan to the previousiy identified
goaly and obiectives so the stakeholders can undersiand the rationale jor each integration step.
This summary-level description also defines the schedule for all the integration efforss.

4.0 Phase 1 Integration

Thiz and the following sections define and explain each step in the integration provess, The
intent here is o identifv all the needed participants and o describe fo them what they have fo do.
I general, the deseripion aof each integration step showld identify the following:

+  The location of the activities.

s The project-developed equipment and soffware prodicts o be integrated, Tnitally this is fuss
a high-fevel Tisy, but eventwally the Tist showld be exact and complete, showing part numbers
and quiantity.

s Any support equipment ispecial soffware, test hardware, software stubs, and drivers to
stmilate yet-fo-be-tntegrated software componenis, external systems ) needed for this
integration step. The same support equipment is mast likely needed for the subseguent
verification siep.
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Al integrartion activities that need 1o be performed after installation, including interration
With ansife svstens and exferaal svstems al other sifes,

A deseriprion of the verification aciivities, as defined i the applicable verificarion plan, that
ocour after this integrarion step.

The responsible parties for each activity in the integration step.

The sehedule for each aciivin.,

5.0 Multiple Phase Integration Steps (1 or N steps)

Thiz and any needed addivional sections follow the format for Section 3.0, Eacl covers each step
i @ mudtiple-srep Infegration effors.
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Appendix B: Creating the Validation Plan with a Validation Requirements Matrix

Note: See appendix [ for an outline of the Venfication and Validation Plan. The matrix shown
here (Table E-1) 1s appendix D in that outline.

When developing requirements, it 1s important to identify a validation approach for how
additional validation evaluation, testing, analysis, or other demonstrations will be performed to
ensure customer/sponsor satisfaction.

There are a number of sources to draw from for creating the validation plan:

ConOps

Stakeholder/customer needs, goals, and objectives documentation
Rationale statements for requirements and in verification requirements
Lessons leamed database

System architecture modeling

Test-as-you-fly design goals and constramts

SEMP, H5IP, V&Y plans

Validation products can take the form of a wide range of deliverables, including;

Stakeholder evaluation and feedback

Peer reviews

Physical models of all fidelihies

Simulations

Virtual modeling

Tests

Fit-checks

Procedure dry-runs

Integration activities (to inform on-orbit maintenance procedures)
Phase-level review solicitabion and feedback

Particular attention should be paid to the planning for life cycle phase since early vahdation can
have a profound impact on the design and cost in the later life-cycle phases.

Table E-1 shows an example validation matrix.
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Table E-1 Validation Requirements Matrix

Validation Valldation Parforming
Product # Objective Method Facility or Lab Phasea Organizalion
Unigue Describe evaluation What is fo be Validation method Facility or Phase in which the Crganization Indicate the
idenfifier for by the customer’ accomplished by faor the requirement laboratory used venfication’ validation | responsible for objective
validafion sponsor that will be the custormer’ (analysis, to parform the will be performed® coordinating the evidence that
product parformed sponsor evaluation | inspection, validation validation activily validafion
demanstration, or activity
fesi) occurred
1 Customer! sponsor 1. Ensure Test Fred Phasze A fr TPS 123456
will evaluate the legibility is
candidate displays acceptable 2.

Ensure overall
appearance is
acceptable

a. Example: (1) during product selection process, (2) prior to final product selection (if COTS) or prior to PDR, (3) prior to COR, (4) during box-level functional, {5)

during system-level functicnal, (6) during end-to-end functional, {7} during integrated vehicle functional, (8) during on-orbit functional.
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Appendix C: SEMP Content Outline
J.1 SEMP Content

The Systems Engineering Management Plan (SEMP) is the foundation document for the
technical and engineering activities conducted during the project. The SEMP conveys
information to all of the personnel on the technical integration methodologies and activities for
the project within the scope of the project plan. SEMP content can exist as a stand-alone
document or, for smaller projects, in higher-level project documentation.

The SEMP provides the specifics of the technical effort and describes what technical processes
will be used, how the processes will be applied using appropriate activities, how the project will
be organized to accomplish the activities, and the resources required for accomplishing the
activities. The SEMP provides the framework for realizing the appropriate work products that
meet the entry and success criteria of the applicable project life-cycle phases to provide
management with necessary information for assessing technical progress.

Because the SEMP provides the specific technical and management information to understand
the technical integration and interfaces, its documentation and approval serve as an agreement
within the project of how the technical work will be conducted. The SEMP communicates to the
team itself, managers, customers, and other stakeholders the technical effort that will be
performed by the assigned technical team.

The technical team, working under the overall program/project plan, develops and updates the
SEMP as necessary. The technical team works with the project manager to review the content
and obtain concurrence. The SEMP includes the following three general sections:

1. Technical program planning and control, which describe the processes for planning and
control of the engineering efforts for the design, development, test, and evaluation of the
system.

2. Systems engineering processes, which include specific tailoring of the sysiems engineering
process as described in the NPR, implementation procedures, trade study methodologies,
tools, and models to be used.

3. Engineenng specialty integration describes the integration of the technical disciplines’ efforts
into the systems engineering process and summarizes each technical discipline effort and
cross references each of the specific and relevant plans.

The SEMP outline in this appendix is guidance to be used in preparing a stand-alone project
SEMP. The level of detail in the project SEMP should be adapted based on the size of the
project.  For a small project, the material in the SEMP can be placed in the project plan’s
technical summary, and this annotated outline should be used as a topic guide.

Some additional important points on the SEMP:

¢ The SEMP is a living document. The initial SEMP is used to establish the technical content
of the engineering work early in the Formulation Phase for each project and updated as
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needed throughout the project life cyele. Table J-1 provides some high level guidance on the
scope of SEMP content based on the life-cycle phase.

* Project requirements that have been tailored or significant customization of SE processes
should be described in the SEMP.

# For multi-level projects, the SEMP should be consistent with higher-level SEMPs and the
project plan.

# For a technical effort that is contracted, the SEMP should include details on developing
requirements for source selection, monitoring performance, and transferring and integrating
externally produced products to NASA.

J.2 Terms Used

Terms used in the SEMP should have the same meaning as the terms used in the NPR 7123.1,
Systems Engineering Processes and Requirements.

J.3 Annotated QOutline
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the resulting product layers will be integrated into the project portion of the WES, and how
the overall system structure will be developed. This section contains a description of the
relationship of the specification tree and the drawing tree with the products of the system
stricture and how the relationship and imterfaces of the system end products and their life
cycle-enabling products will be managed throughout the planned technical effort.

3.3 Product Integration

This section contains an explanation of how the products will be infegrated and describes
clear ovganizational responsibilities and interdependencies and whether the arganizations
are geographically dispersed or managed across Centers. This section should also address
how products created under a diverse ser aof contracts are to be integrated, including roles
and responsibilities. This includes identifyving organizations—intra-and inter-NASA, other
(rovernment agencies, contractors, or other partners—and delineating their roles and
responsibilities. Product integration includes the integration of analytical products.

When companents or elements will be available for integration needs to be clearly
understood and identified on the schedule to establish critical schedule issues,

3.4 Planning Context

This section confaing the programmatic constrainis (e.g., NPR 7120.5) that affect the
planning and implemeniation of the common technical processes fo be applied in performing
the technical effort. The constraints provide a linkage of the technical effart with the
applicable product life-cycle phases covered by the SEMP including, as applicable,
milestone decision gates, major technical reviews, key intermediate events leading to praject
complerion, life-cycle phase, evenr entry and success criteria, and major baseline and other
work products o be delivered to the sponsor or customer of the technical effort.

3.5 Boundary of Technical Effort

This section contains a description of the boundary of the general problem o be solved by
the technical effors, incliding rechnical and project constraints that affect the planning.
Specifically, it identifies what can be controlled by the technical team (inside the boundary)
and what infleences the technical effort and ix influenced by the technical effort but not
controlled by the technical team fouiside the boundary). Specific attention should be given to
physical, cognitive, fiunctional, and electronic interfaces across the boundary.

A description of the boundary of the system can include the following:

s Definition of internal and external elements/items involved in realizing the system
purpose as well as the system boundaries in terms of space, time, physicall and
aperational.

s [dentification of what initiates the transitions of the system to aperational status and what

initiates its disposal is importans. Geneval and functional descriprions of the subsystems

inside the boundary.

Current and established subsystem performance characteristics.

Interfaces and interface characteristics.

Functional inferface descriptions and functional flow diagrams.

Key performance inferface characteristics.

Current integration strategies and architecture.
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o Documented Human Sysiem Integration Plan {(HSIP)

3.6 Cross References

This section containg cross references fo appropriate nontechnical plans and eritical
reference material that interface with the technical effort. It containg a summary description
of how the technical activities covered in other plans are accomplished as fully integrated
pares of the technical effort.

4.0 Technical Effort Integration

This section describes how the various inputs to the technical effort will be integrated into a
coordinated effort that meets cost, schedule, and performance objectives.

The section should describe the integration and coordination of the specialty engineering
disciplines into the sysiems engineering process during each iteration of the processes. Where
there is potential for overlap of specialty efforts, the SEMP should define the relative
responsibilities and authorities of each specialty. This section should contain, as needed, the
project s approach fo the following:
Concurrent engineering
The acrivity phasing of specialty engineering
The participation of specialty disciplines
The imvolvement of specialty disciplines,
The role and responsibility of specialty disciplines,
The participation of specialty disciplines in system decompasition and definition
The role of specialty disciplines in verification and validation
Reliabiliry
Maintainability
Cheality assurance
fntegrated logistics
Human engineering
Safety
FProducibility
Survivabilinyvalnerability
National Environmental Policy Act (NEPA) compliance
Launch approval/flight readiness
The approach for coordination of diverse technical disciplines and integrasion of the
development tasks should be described. For example, this can include the use of multidiscipline
integrated teaming approaches—e.g., an M5! ream—or specialized controf boards. The scope
and timing of the specialty engineering tasks showld be described afong with how speciaity
engineering disciplines are represented on all technical teams and during all life-cycle phases of
the project.

4.1 Responsibility and Authority

This section describes the organizing siructure for the technical teams assigned ro this
techmical effors and includes how the teams will be staffed and managed.
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I. What organization/panel will serve as the designated governing authority for this
praject?

2. How will multidisciplinary reamwork be achieved?

3. What are the roles, responsibilities, and authorities reguired to perform the
activities of each planned comman technical process?

4. What should be the planned technical siaffing by discipline and expertise level?

5. What is required for technical staff training?

6. How will the assignment of roles, responsibilities, and authovities to appropriate
praject stakeholders or technical teams be accomplished?

7. How are we going o structure the project to enable this problem to be solved on
schedule and within cost?

8. What does systems engineering management bring ro the wahle?

The section should provide an organization chart and denote who on the team is responsible
Sor each activity. It should indicate the lines of authority and responsibility. It should define
the resolution authority to make decisions/decision process. ft should show how the
engineers/engineering disciplines relate.

The systems engineering roles and responsibilities need to be addressed for the following:
praject office, user, Contracting Officer 's Representative (COR), systems engineering, design
engineering, specialty engineering, and contractor.

4.2 Contractor Integration

This section describes haow the technical effors of in-house and external confraciors is fo be
integrated with the NASA technical team efforss. The established technical agreements
should be described along with how contractor progress will be monitored against the
agreement, how technical work or product requirement change requests will be handled, and
how deliverables will be accepted. The section specifically addresses how interfaces between
the NASA technical team and the contractor will be implemented for each of the {7 common
technical processes. For example, it addresses how the NASA technical team will be involved
with reviewing or controlling contractor-generated design solution definition documentarion

or how the technical team will be inveived with product verification and product validation
aCHivities.

Key deliverables for the contractor to complete their systems and those required of the
contractor for other project participants need to be identified and established on the
schvedule.

4.3 Analytical Tools that Support Integration

This section describes the methads (such as integrated computer-aided tool sets, infegrated
work produict detabases, and technical management information systems) that will be used ro

suppaort technical effort integration.
5.0 Common Technical Processes Implementation
Each of the 17 comman technical processes will have a separate subsection that contains a plan

for performing the required process activities as appropriately tailored. (See NPR 71231 for the
jprocess activities reguived and taiforing.) Implementation of the |7 commen technical processes

64



dnctwdes (1 e gemerasion of the ourcowes needed wo sartgfiy i ey and suecers eriseria of the
applicable provcr Mfeaovele plece or phases idesfled ie D458, omd (20 dbe mecessary (mpurs

Jor adier peclmical provesses. These secriars connaie @ deseripiion of die appraach, meskads,

and tools for:

ddvaifring and obroteing adeguare luoman and sanfumes resenroes for pesfanmeing ke
Planped procers, developieg v woark produce, awed provioieg dhe services of the procers
Assigning responsibdlin sed sadhoriy for performing the plonmed process de g, RACT
wnrirdy, ShapSen wikipedie vkt Respoastbilioy assigamens sy, developieg die
work produer, and prenviaieg die serilces of the provere

Trainieg e rechaioa! saff performing or supponting the process, where raimieg is idesifed
a5 mevched,

Designarieg and placiey designored work prodics of the proces seder appropriane evals af

O PRATGAL R I I TR
ddvaifring and imvalving snnbehodders of te procers
Monivaring and comeraliieg dhe ysnems sngimeering PROceses

Jotewrifring, defining, and rrecking mevrics amd suecess.

(W areively evalmarieg adberence of the process omd te waork prodivcrs ong services of e
process e applicable regquivemens, obfecnhves, and srandards aed addresiing
mawonmpiioace,

Reviewing acrhides, stans, and resules of the process with appropriare fevels of sunagemen?
amd resoVing iR,

Thiz section should ol eolude the projecr-speciiic descripion of anch of the 7 processes ro be

wned, (nciuding e spectilc sdiveieg of dhe reqriremens o fe spstom and the profeer; e
procedurne o be nmed i implemennieg die processes ie-homse docvmemanon, made sty

metiiodology; nyes of matiesarion asd'or simulotion sadels o be med; a.ld;ﬂ.rﬂ.l.rnnq"

Wl are rhae SPRley Engneerier proceises for iy pradoer ¥

Wt are rhe methoay et we witl apply for eaech sysiems engineerieg dast?

!

2

E ot are rhe moaly we will ose o mppor duse merkods® Haw witll die 2ools be
dmsegrased ¥

4. Homr will wr conrew! confparation developmen??

3 Foow e vilvem will we conducy feehmical reviens ?

4. Hoat wit! v esvaddlolt the meed for and managge srade-off snidies?
. e A auvkorizanion for eclaical chaspe commal ™

. Fivw wid wad Ao Fogairorieas e teces ! dos nrtesiadion ”

6.8 Technology Insartion

This secsion deserihes the gpproack aed mediads for ddenrifiieg key recknologies and dheir
o taked Fisks and crinerh for aiseasing and nserming reckeologies. meluding hose for

65



desorang crincal echmwogies from echnology devedopaenr projeces. e approack shosld be

dievelaped for appropriae kevel and iwming of reckeology ieserrion. This ool declme
altermaive appreacher o ke advesage of mew teckealogivs fo meer systoms seads as well ag
alermaive apthons I the nechmoslogies o aod prane approaprione i resul? or deng The sirasegy
for an mivkal rechnodogy assessment winkie e soope of dhe praecr requirestanns shosld be

previded wo (denny rechnodogy corsrraings for rhe system

! How awd vwiten will v desert sew of speciod techeology o the praject

X Whar is dhe refarionship 1o research and developmenr afforn ¥ How will ey saspparr e
projcr? How will the resalts be incarparated?

Y. How will we iecorporare system efements provided by osbers * How will dhese inems be

cortiied for adeguany?
4. Whar faciliies are reguivad?
5. Wihewm awad o will ihese oy b ransidones &0 be ot af ihe coriparation ©

7.0 Additional 3E Functions and Activities

This secsion desevihes ooher arees no speciflonly isclmdled in prewoss secrions bay dhar are
axsennn for proper planning and comdect of dhe overall echmical effor.

7.1 Systemn Safety

This secvion deseribes the approack aed setiods for conducing soieny asalysis and
aresrieg the rick ro aperarars. the nstem. the environmeny, o the puhlic,

1.2  Engineering Methods and Tools

This secsion deseribes the methods and wals thar ave aod eclaaled (7 the echnodogy IRsermion
sections but are needed o suppar? te overall rechaioal effory. It idennifies those toals to be
acguired and W reining reguirestanrs.

This secsion defines the developmos oavireames for the projedy, inclading eumanon,
simlanivn, ond sefhare tools. I reguired. i describes the ools and facilives thay meed 1o be
develaped ar acqaired B all diseipdines on the profecs. I describes impormaonT anabiieg
mraregies ssek oF saendardizing rools across e project, oF otliTieg @ Sommsne Jpur amd
eagpay formar ie sapparnt g broad range of roodi ssed on the projec. [ defees the
Fegliirenmts for informarion messpemon fsaems and or saing exisrieg slvmenie Ir sefimes
awd plans for the reaieles roquised ta s the ooy and reckealogy aorods the profect.

1.3 Specialty Enginesring

This secvion desaribes engincening discipline and specialty reguiremomss it apply across
prajecrs and tae WES sodels of dhe sysrem strucsere. Evampler of these reguiresrenr araas

wolld Achide planning for safen: relimbliny, bewan fecrers, bepisnics, maimnrieahiling:
quacaliny, eperabiliny, and suppartabilin. fr weclsdes esrmares of srafiing fevels for these
disciplines aad Incorporais deem with rhe project reguirements

7.4 Technical Perfformance Measunss

a.  This secdon deserihes the TPMs thar have boee devtved fram the MO s and MOPs for
dhee profecy. The TPMS are weod ra defime andd rack e reclwion! progress of the nsvems




angincorieg effrr The perfonmance werrics sevd so address e mindmally requirad TPAMs as
defimen in NPR 71251, These include:

1.

F.
E

Mass margies for profects invehieg hardware [SE-82].

. Power margies for projecs thar are powerad (SE-a4).

Rieview Trends including closune af review action docsswenranion {Bequest for Aorion,
Rieview frem Dicorepancies, andiar Acrion frems a5 esnabdished by the prajecr) for ol
safniare and hardware profects [SE-64).

b Ovker performance marsare it showld be considened by the projece beclude:

+  Reguiremenr rremds (pevees grownk, TEOVTEE closures, number of reqmiremaon

changesh;
+  Inrerface rrends (pereem ACD approvad, TROVTEER brndowe, samber of isseriace

FEIAT ST SR,

+  Verflearion remds foloanre bumdown, anmber of deviorioss wahers

Sofware -seigue rendy Mmumber of reguivemenss por hadld reloace vorsaes pland
Problem reporpiiscrepancy repont Iremds (samber opes, sesber closed);

Cosr rends (plan. acsal. UFE, EVM. N

Scledhule prevas forincal pank skackfaar, eridieal milesone daves); and

Kajfing rrends (FTE, WFEL

LI N

Wha mverrics will be wsed to measore wechnical progress *

Whay merrics will be used so Moy process improvem et appormamides ?

Lo | o | ==

How will we measnre progress against she plaes and seledulies?

4,

Mo aften will progress be repored? By wiam?® To vwhom ¥

1.8

Heritage

This secuon deseribes the heriuge or legacy produces dhar will be wied in the profecs. &

showld include o disenssion af wiieh prodicas are planned ro be nsed. the ranioaale for deir
wie, amd the analyiis or resiieg mecded ro e they will pevform as Innemded i e stosed

(=3
1.6

Cither

This secon 5 reserved o deseribe any seigue SE faeenions oF aoriwiies for the project ey
are nol covered In afler LocTions.

8.0 Integration with the Project Plan and Technical Resource Allocation

This secrion deseribes how e reckeiom effors will innegrane wik profecr managesienr and
derfimes Podes and responsibdings.  addvecies bow dechinical Fequiresmenns will e mregraned
wirk rhe profect plan e desermime the alfocanon of resoorces, inolsding oos), sohedule, and
personnel and how changes o the aliocanong will de coveaimannd

1. Mew will we assess risk? Whay dresholds are seeded for piggening mingaion acovines?
Mo will we inregrane risk mawapemmy ko e wechmical decislon process ¥

67



2. How will we communicate across and outside of the project?
3. How will we record decisions?
4. How do we incorporate lessons learned from other projects?

This section describes the interface between all of the technical aspects of the project and the
overall project management process during the sysitems engineering planning activities and

updates. All activities fo coordinate technical efforts with the overall project are included, such
as technical interactions with the external stakeholders, users, and contraciors.

9.0 Compliance Matrices

Appendix H.2 in NPR 7123.14 is the basis for the compliance matrix for this section af the
SEMP.  The praject will complete this matrix from the point of view of the project and the
technical scope.  Each requirement will be addressed as compliant, partially compliant, or
noncompliant.  Compliant requirements should indicate which process or activity addresses
the compliance. For example, compliance can be accomplished by using a Center process ar by
using a project process as described in another section af the SEMP or by reference to another
documented process. Noncompliant areas should state the rationale for noncompliance.

Appendices

Appendices are included, as necessary, to provide a glassary, acronyms and abbreviations, and
information published separately for convenience in document maintenance. Included are:

(1) information that may be pertinent to multiple topic areas (e.g., description of methods or
procedures); (2) charts and proprietary data applicable to the technical efforts required in the
SEMP; and (3) a summary of technical plans associated with the project. Each appendix should
be referenced in one of the sections of the engineering plan where data would normally have
been provided.

Templates

Any templates for forms, plans, or reports the technical team will need to fill owt, like the format
for the verification and validation plan, should be included in the appendices.

References

This section contains all documents referenced in the text of the SEMP.
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Table J-1 Guidance on SEMP Content per Life-Cycle Phase
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SEMP Pre-Phase A Phase A Phase B Phase C Phase D Phase E Phase F

SEMP Section Subsection KDF A KDF B KDPF O KDPF Iy KDFE KD F
MCR SRR SDRMDR PDR CDhR SR ORR MRR/FRR DR DRR

Matrix
{Appendix H.2
of SE NPR)
Appendices As reguired As required | As required | As required | As required | As required | As required As required As required As reguired
Templates As required As required | As required | As required | As required | As required | As required As required As required As required
Beferences As required As required | As required | As required | As required | As required | As required As required As required As required
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Appendix D: Technical Plans

The following table represents a typical expectation of maturity of some of the key technical plans developed during the SE processes.
This example is for a space flight project. Requirements for work product maturity can be found in the goveming PM document (i.e.,
MPR 7120.5) for the associated type of project.

Table K-1 Example of Expected Maturity of Key Technical Plans

Fhase A Phase Phase C Fhase D Phase Phase
B = F Ref.

SDR/ MRR/ Page

PCR CDR SIR ORR

MDR FRR DR DRR

=
=
=
=
—
=
=

Systems Engineering Management Plan

Risk Management Plan

Integrated Loglsties Support Plan

Technology Development Plan

=
=
=
=
=
=

Review Plan

| O|m|>|»|TD
m|c| o e o e

=

Werification and Validation Plan

Integration Plan

Cenfiguration Management Plan

Data Management Plan

Human Systems Integration Plan

oo m

Software Management Plan

o = [y I e [ v ) iy ) [ e el v el
= oy iy (s w6 ol e
—

Reliability and Maintainability Plan

Mission Operations Plan P B

Project Protection Plan P B u U u

Decommissioning Plan A

[ml n ol [
=
-

Disposal Plan A

A= Approach B = Baseline P = Preliminary U = Update
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Appendix E: Verification and Validation Plan Outline

Sample Outline

The Venfication and Vahidation {V&Y) Plan needs to be baselined after the comments from
PDR are incorporated. In this annotated outline, the use of the term “system” is indicative of the
entire scope for which this plan is developed. This may be an entire spacecraft, just the avionics
system, or a card within the avionics system. Likewise, the term “end item™, “subsystem™ or
“element” 15 meant to imply the lower-level products that, when integrated together, will produce
the “svstem.” The general term “end 1tem” is used to encompass activities regardless of whether
the end item 15 a hardware or software clement.

The varnious sections are intended to move from the high-level genenic descriptions to the more
detailed. The sections also flow from the lower-level items in the product layer to larger and
larger assemblies and to the completely integrated system. The sections also describe how that
system may be integrated and further verified validated wath its externally interfacing elements.
This progression will help build a complete understanding of the overall plans for venfication
and validation.

1.0 Introduction
1.1 Purpose and Scope

This section states the purpose of this Verificarion and Validation Plan and the scope (Le.,
swstems) o which it applies. The purpose of the V&V Plan is o identify the activities that will
extablizh compliance with the requirements (verification) and to establish that the system will
meer the customers " expectations (validation).

1.2 Responsibility and Change Authority

This section will identify who has responsibifity for the maintenance of this plan and whe or
what board has the authority to approve any changes fo it

1.3 Definitlons

This section will define any key terms used in the plan. The section may include the
definitions of verification, validation, analysis, test, demonsivation, and fest. See appendix B
af this handbook for definitions of these and other terms that might be used.

2.0 Applicable and Reference Documents
2.1 Applicable Documents

These are the documents that may impose additional requirements or from which some af the
requirements have heen taken.

2.2 Reference Documents

These are the documents that are referred o within the V& V Plan that do not impose
requirements, bur which may have additional usefid informarion.

73



3.0 System Description
3.1 System Requirements Flowdown

This section describes where the requirements for this system come from and how they are
Mowed down to subsystems and lower-level elements. It should also indicate what method
will be used to perform the flowdown and bidirectional traceability of the requiremenis:
spreadsheet, model, or other means. It can point to the file, document, or spreadsheet that
captires the actual requirements flowdown.

3.2 System Architecture

This section describes the system that (s within the scope of this V&V Plan. The description
should be enough so that the V&V activitles will have the proper context and be
undersiandable.

3.3 End Item Architectures

This section describes each of the mafor end items (subsystems, elements, units, modules,
elc.) that when integrated together, will form the overall system thai is the scope of this V&V
Plan.

3.3.1 System End ltem A

This section describes the first major end item/subsystem in more detail so that the V&V
activitles have context and are understandable.

3.3.n System End Item n
Each end ftem/subsysiem is separately described in a similar manner as above.
3.4 Ground Support Equipment

This section describes any major ground-support equipment that will be used during the
V& IV activities. This may include caris for supplying power or fuel, special test fixtures,
lifting aids, simulators, or other nipe of support.

3.5 Other Architecture Descriptions

This section describes any other items that are important for the V&V activities but which
are not included in the sections above. This may be an existing control center, training
Saciltty, or other support.

4.0 Verification and Validation Process
This section describes the process that will be used to perform verification and validation.
4.1 Verification and Validation Management Responsibilities

This section describes the responsibilities of key players in the V&V activities. It may include
identificarion and duty description for test directors/conductors, managers, jacility owners,
boards, and other key stakeholders.
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4.2 Verification Methads

This secdon defines awd deseribes te sethads thar wil! be nsed during che verifioarion
acrivirkes

4.2 1 Analysis

fefimes wiar ks verdloarion mevhod mesws (e appenaic 8 of this hamdboaok) and how
& will e apgeied ro dhis sysnee.

4.2.2 Inspection

Defimes wihar this verdfloavion menhod’ mesws (Sor appenatt 8 of ihis hasdhoak) and how
& will e appdled ra dhis svsress.

4.2} Demonstration

Defimes wiar shds verifloarion mehod mesws (S appenaic 8 of this hamdbhoalk) and how
& will e apgeied ro dhis sysnes.

4.2.4 Test

Defimes whar this verifloavion menhod’ mesws (Sar appenatn 8 of ihis hasdhoak) and how

& will e appdied ra dhis sysrem This caregary may sevd 20 be broken dovwn inva Gerther
Calegaries.
4.2.4.1 Qualification Testing
This sectdon deserihes the few phitosaply for the eandromsennn and oiber resiieg
dea 15 performed & higher than narmal fevels ro ascermain marging and

PEToraIACE I8 worsi-case soonarios. iacldes descripdans of ow 2he mindsnm
and muarcimum envemes will be devermined for various nipes of aests frkermal,

vibvarion e ), whether irwill be perforsned ar o cosposent, smbasiem, oF

syarem leved. and e pedigrae (lghr on, gealifcanion sell cRFIGCITRT DA,
erej off die weles vese sesvs will be performed o

4.2.4.2 Other Testing

This secrion deserihes any adher sesting thar will be used @5 pan of the
vewrificanem aenvines i are nod pan of the gualifioavion resting. Ir imcludes sy
aering of requdresnents wiolin de normal aperanng range of rhe omd fem. Ir may
dnctwde some enginverieg dests it will form the fosmdadon ar provide dny rms
Jer the afficial verdficanion wesnies.

4.1 Validation Methods

This secuon defines and describes the setioas e be used saring rhe validasion aonvinies.

4.2.1 Analysis

Defimes whar this valldarien method means See appemdly B of this danabood) and how ir
will he appiiad ne dlis sssem.
4.2.2 Inspection

fefimes wiar dhis validorien method means Gaee appesliy B of 00 anobood ) ang dow Jr
wild he appdied 1o this susaem.
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4.2.3 Demonstration

Defines what thix validation method means (See appendix 8 of this handbook) and how it
will be applied to this system.

4.2.4 Test

Defines what this validation method means (See appendix B of this handbook) and how ir

will be applied fo this system. This category may need to be broken down into further
categories such as end-to-end festing, festing with lenans, eic_)

4.4 Certification Process

Describes the averall process by which the results of these verification and validation
activities will be used to certify that the system meets its requirements and expectations and
ix ready to be put into the field or flv. In addition o the verification and validarion resules,
the certification package may also include special forms, reports, safety documentation,
drawings, waivers. or other supporting documentation.

4.5 Acceptance Testing

Describes the philosophy of how/which of the verification/validation activities will be
performed on each of the operational units as they are manufactured/coded and are readied
Jor flightiuse. Includes how/if data packages will be developed and provided as part of the
delivery.

5.0 Verification and Validation Implamentation

5.1 System Design and Verification and Validation Flow

This section describes how the system units/modules will flow from manufacturing/coding
through verification and validation. Includes whether each unit will be verifiedvalidated
separately, or assembled fo some level and then evaluated or other statement of flow.

5.2 Tast Articlas

This section describes the pedigree of test articles that will be imvolved in the
verification/validation activities. This may include descriptions of breadboards, protonypes.
engineering units, qualification units, protoflight units, fight units. or other specially named
units. A definition of what is meant by these terms needs to be included to ensure clear
understanding of the expected pedigree of each rype of test article. Descriptions of what kind
aof test/analysis activities will be performed on each type of test article is included.

5.3 Support Equipment

This section describes any special support equipment that will be needed to perform the
verification/validation activities. This will be a more detailed description than is stated in
Section 3.4 of this outline.

5.4 Facllities

This section identifies and describes major facilities that will be needed in order 1o
accomplish the verification and validation activities. These may include environmental test
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Sacilities, computational facilities. simulation facilities, training facilities, test stands, and
other facilities as needed.

6.0 End Item Verification and Valldation

This section describes in detail the V& V activities that will be applied to the lower-level
suhsystems/elementsiend items. It can point to other stand-alone descriptions of these fesis if they
will be generated as part of organizational responsibilities for the products ar each product
layer.

6.1 End Item A

This section focuses in on ane of the lower-level end items and describes in detail whar nipe
af verification activities it will undergo.
6.1.1 Developmental/Engineering Unit Evaluations
This section describes what kind of testing, analysis, demonstrations, or inspections the
profotype’enginesring or other fypes of units/modules will undergo priov o performing
afficial verification and validation.
6.1.2 Verification Activities

This section describes in detail the verification activities that will be performed on this
end item.

6.1.2.1 Verification by Testing
This section describes all verification testing that will be performed on this end

Ifem.

6.1.2.1.1 Qualification Testing

This section describes the test environmental and other testing thar is
performed at higher than normal levels to asceriain margins and
performance in worsi-case scenarios. It includes what mininum and
maximum extremes will be used on qualificarion rests (thermal, vibration,
erc. ) of this unit, whether it will be performed at a component, subsysiem, or
sysiem level, and the pedigree (flight unit, qualification unit, engineering
unii, efc.) of the units these tests will be performed on.

6.1.2.1.2 Other Testing

This section describes all other verification tests that are not performed as
part of the qualification testing. These will include verification af
requirements in the normal operating ranges.
6.1.2.2 Verification by Analysis
This section describes the verifications that will be performed by analysis
{including verification by similarity). This may include thermal analysis, stress
analysis, analysis of fracture comtrol, materials analysis, Electrical, Electronic, and

Electromechnical (EEE] pares analysis, and other analvses as needed for the
verification of this end irem.

77



6.1.2.3 Verification by Inspection

This section describes the verifications that will be performed for this end item by
inspection.

6.1.2.4 Verification Demonstration

This section describes the verifications that will be performed for this end item by

demaonstration.
6.1.3 Validation Activities
6.1.3.1 Validation by Testing
This section describes what validation tests will be performed on this end irem.
6.1.3.2 Validation by Analysis

This section describes the validation thar will be performed for this end item
through analysis.

6.1.3.3 Validation by Inspection

This section describes the validation thar will be performed for this end item
through inspection.
6.1.3.4 Validation by Demonstration

This section describes the validations thar will be performed for this end item by
demonsiration.

6.1.4 Acceptance Testing

This section describes the set of tests, analysis, demonstrations, or inspections that will
be performed on the flight/final version of the end item to show it has the same design a
the one that is being verified, thar the workmanship an this end item is good, and that it

performs the identified finctions properiy.
6.n End Item n

In a similar manner as above, a description of how each end item thar makes up the system
will be verified and validarted is made.

7.0 System Verification and Validation
7.1 End-ltem Integration

This section describes how the various end items will be assembled/integrated together,
verified and validated. For example. the avionics and power systems may be integrated and
tested together to ensure their interfaces and performance is as required and expected prior
to integration with a larger element. This section describes the verification and validation
that will be performed on these major assemblies. Complete system integration will be

described in later sections.

7.1.1 Developmental/Engineering Unit Evaluations

This section describes the unafficial (not the formal verificationvalidation) testing /
analysis that will be performed on the various assemblies that will be tested together
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and e pedigree of rhe unies dhar will e ssed. This may ieclede sysiem-lmved resnieg af

confignrarions using enginverieg sein, breadhoand. simularors, o ather s ar

T1.1.2 Verification Activities

This secrion deserthes the verifloarion acrhvse shar will be pevforsned on e varioss
assembiies.

7.1.2.1 Verification by Testing

This seceion desoribes ol venfleavior seing rhat will be performed on the various
aisemtnles. The secnion may be broken op e describe gonlificanon resnieg
periarmed an e varioss aesesinies amd ooker npes af nesnag.

7.1.2.2 Verification by Analysis

This secaion desordbes ol venfleanon asalisls thar will be performed on rhe various
EILT

7.1.2.3 Verification by Inspection

This seceion desoribes ol verflearion ingpecrions dhar will b performed an e
Virhous ansesninlies.

7124 Verification by Demonstration

This secaion desordbes ol venfloarion demansirasions i wild be performd on e
VT EseRTinees.

7.1.3 Validation Activities
7.1.3.1 Validation by Testing

This secdon deserihes all valtdasion resning dlaat will be performed om the varons
asembiies

7.1.3.2 Validation by Analysis

This seveion desoribes ol willdanon amadysss shay will be pevirmed o o varions
e sraniilies.

7.1.3.3 Validation by Inspection

This section deserihes o validanion inspecdans rhar will he performed on te
vy aesembiies.

7.1.3.4 Valdation by Demonstration

This secrion deseribes alf valtdasion demonstrations thay will be performed on dhe
VR assembiies

T.2 Compilete System Integration
This secson deseribes the verificarion and validanon aenviries st wild e porformed on e

ayarems affer alf ks assemhlics are megrased togerher hi fors the complete innegransd
aarem. dn some cases dhis will mod de proceice). Ranvaale for what conaod be done shauld

be caprad.
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7.2.1 Davelopmental/Engineering Unit Evaluations

This section describes the unafficial (nor the formal verificationvalidation) testing /
analysis that will be performed on the complete integrated system and the pedigree of

the units that will be used. This may inciude system-level testing of configurations using
engineering units, breadboard, simulators, or other forms or combination of forms.

7.2.2 Verification Activities

This section describes the verification activities that will be performed on the complerely
imtegrated system

7.2.21 Verification Testing

This section describes all verification testing that will be performed on the
integrated system. The section may be broken up to describe qualification testing
performed at the integrated system level and other types of festing.

7.2.2.2 Verification Analysis

This section describes all verification analysis thar will be performed on the
integrated system.

7.2.2.3 Verification Inspection

This section describes all verification inspections that will be performed on the
integrated system.

7.2.2.4 Verification Demonstration

This section describes all verification demonstrations that will be performed on the
integrated system.
7.2.3 Validation Activities

This section describes the validation activities that will be performed on the completely
imfegrated sysiem.

7.2.3.1 Validation by Testing
This section describes all validation testing that will be performed on the integrated

System.

7.2.3.2 Validation by Analysis

This section describes all validation analysis that will be performed on the
integrated system.

7.2.3.3 Validation by Inspaction

This section describes the validation inspections that will be performed an the
integrated system.

7.2.3.4 Validation by Demonstration

This section describes the validation demonsirations that will be performed on the
integrated system.
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8.0 Program Verification and Validation

This section describes any firther testing that the system will be subjected to. For example, if the
sVstem is an instrument, the section may include any verification/validation that the system will

undergo when integrated into ifs spacecraft/platform. If the system is a spacecraft, the section
may include any verification validation the system will undergo when integrated with its launch
vehicle.

8.1 Vehicle Integration

This section describes any further verification or validation activities thar will occur when
the system is infegrated with its external interfaces.

B.2 End-to-End Integration

This section describes any end-fo-end testing that the system may undergo. For example, this

configuration wonld include data being sent from a ground contral center through one or
movre relay satellites o the svstem and back.

8.3 On-Orbit V&V Activities

This section describes any remaining verification/validation activities thar will be performed
on a system after it reaches orbit or is placed in the field.

9.0 System Certification Products

This section describes the tvpe of products that will be generated and provided as part of the

certification process. This package may include the verification and validation mairix and
results, pressure vessel certifications, special forms, materials certifications, rest reports or other
products as is appropriate for the system being verified and validated.

Appendix A: Acronyms and Abbreviations

This is a list of all the acromyms and abbreviations used in the V&V Plan and their spelled-our
meaning.

Appendix B: Definition of Terms

This section is a definition af the key terms that are used in the V&V Plan.
Appendix C: Requirement Verification Matrix

The V&V Plan needs to be baselined after the comments from POR are incorporated. The
informarion in this section may take various forms. {t could be a pointer to another document or
model where the matrix and its results may be found. This warks well for large projects using a
requirements tracking application. The information in this section could also be the
requirements marrix filled our with all but the results information and a pointer to where the
resiults can be found. This allows the key information to be available at the time of baselining.
For a smaller praject, this may be the completed verification matrix. In this case, the V&) Flan
would be filled our as much as possible before. See appendix D for an example of a verification

ITIFIY.
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Appendix D:Validation Matrix

As with the verification matrix, this product may take various forms from a completed matrix to
Just a pointer for where the information can be found. Appendix E provides an example of a
validation matrix.

82



Appendix F: Interface Requirements Document Outline

1.0

2.0

3.0

Introduction
1.1 Purpose and Scope

State the purpose of this document and briefly tdentify the interface to be defined. (For
example, " This IRD defines and controls the interface(s) requirements between and

- J

1.2 Precedence

Define the relationship of this document to other program documents and specify which is
controlling in the event of a conflict.

1.3 Responsibility and Change Authority

State the responsibilities of the interfacing organizations for development of this document
and its contents. Define document approval authority (including change approval authority).

Documents
2.1 Applicable Documents

List binding documents that are invoked to the extent specified in this IRD. The latest
revision or most recent version should be listed. Documenis and requiremenis imposed by
higher-level documents (higher order of precedence) should not be repeated.

2.2 Reference Documents

List any document that is referenced in the text in this subsection.
Interfaces

3.1 General

In the subsections that follow, provide the detailed description, responsibilities, coordinate
systemns, and numerical requirements as they relate lo the interface plane.

3.1.1 Interface Description

Describe the interface as defined in the system specification. Use tables, figures, or
drawings as appropriale.

3.1.2 Interface Responsibilities

Define interface hardware and interface boundary responsibilities to depict the interface
plane. Use tables, figures, or drawings as appropriate.

3.1.3 Coordinate Systems

Define the coordinate system used for interface requirements on each side of the
interface. Use tables, flgures, or drawings as appropriate.

3.1.4 Engineering Units, Tolerances, and Conversion.
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Define the measurement units along with tolevances. If required, define the conversion
befween measurement Sysiems.

3.2 Interface Requirements

In the subsections that follow, define structural limiting values at the interface, such as
inferface loads, forcing functions, and dynamic conditions. Define the interface requirements
an each side of the interface plane.
3.2.1 Mass Properties
Define the devived interface requirements based on the allocated requirements contained
in the applicable specification pertaining to that side of the interface. For example, this
suhsection should cover the mass of the element.

3.2.2 StructurallMechanical

Define the derived interface requirements based on the allocated requirements contained
in the applicable specification pertaining to that side of the interface. For example, this
suhsection should cover attachment, stiffiness, latching, and mechanisms.

3.2.3 Fluid

Define the devived interface requirements based on the allocated requirements contained
in the applicable specification pertaining to that side of the interface. For example, this
suhsection should cover fluid areas such as thermal control, (2 and N2, potable and
waste waier, fuel cell water, and armospheric sampling.

3.2.4 Electrical (Power)
Define the devived interface requirements based on the allocated requirements contained
in the applicable specification pertaining to that side of the interface. For example, this

suhsection should cover various electric current, voltage, wattage, and resistance levels.

3.2.5 Electronic (Signal)

Define the derived interface requirements based on the allocated requirements contained
in the applicable specification pertaining to that side of the interface. For example, this
suhsection should cover various signal tvpes such as audio, video, command data
handling, and navigation.

3.2.6 Software and Data

Define the devived interface requirements based on the allocated requirements contained
in the applicable specification pertaining to that side of the interface. For example, this
suhsection should cover various data standards, message riming, profocals, error
detection/correction, fimctions, initialization, and stats.

3.2.7 Environments

Define the devived interface requirements based on the allocated requirements contained
in the applicable specification pertaining to that side of the interface. Far example, cover
the dynamic envelope measures of the element in English units or the metric equivalent
on this side af the interface.

84



3.2.7.1.a Electromagnetic Compatibility

Define the appropriate electromagnetic compatibility requirements. For example,
the end-item- I -iop-end-item-2 interface shall meet the requiremenis [io be
determined] of systems requirements for eleciromagneric compatibility.
3.2.7.1.b Electromagnetic Interference

Define the appropriate eleciromagnetic interference requirements. For example,
the end-item-I-to-end-item-2 interface shall meet the requiremenis o be

determined] of electromagnetic emission and suscepribifity requirements for
electromagnetic compatibility.

3.2.7.1.c Grounding

Define the appropriate grounding requirements. For example, the end-item-1-to-
end-item-2 interface shall meet the reguirements to be determined| of grounding
requiremenis.

3.2.7.1.d Bonding

Define the appropriate bonding requirements. For example, the end-item-1-to-
end-item-2 structuralmechanical imerface shall meer the requirements [to be
determined] of electrical bonding reguiremenis.

3.2.7.1.e Cable and Wire Design

Define the appropriate cable and wire design requirements. For example, the
end-item-1-to-end-item-2 cable and wire interface shall meet the requirements [to
be determined] of cable/wire design and control requirements for electromagnetic
compatibility.

3.2.7.2 Acoustic

Define the appropriate acoustics requirements. Define the acoustic noise levels on
each side of the interface in accordance with program or project reguirements.

3.2.7.3 Structural Loads

Define the appropriate structural loads requirements. Define the mated loads that
each end irem should accommodate.

3.2.7.4 Vibroacoustics

Define the appropriate vibroacoustics reguirements. Define the vibroacoustic
loads that each end item should accommodate.

3.2.7.5 Human Operability

Define the appropriate human interface requirements. Define the human-centered
design considerations, constraings, and capabilities that each end item should
accommodate.

3.2.8 Other Types of Interface Requirements
Define ather rypes of unique interface requirements that may be applicable.
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Appendix G: CM Plan Outline

A comprehensive Configuration Management (CM) Plan that reflects efficient application of
configuration management principles and practices would normally include the following topies:

General product definition and scope

Description of CM activities and procedures for each major CM function
Organization, roles, responsibihities, and resources

Definitions of terms

Programmatic and organizational interfaces

Deliverables, milestones, and schedules

Subcontract flow down requirements

The documented CM planning should be reevaluated following any significant change affecting
the context and environment, e.g., changes in suppliers or supplier responsibilities, changes in
diminishing manufacturing sources/part obsolescence, changes in resource availabilities, changes
in customer contract, and changes in the product. CM planning should also be reviewed on a
periodic basis to make sure that an organization’s application of CM functions is current.

For additional information regarding a CM Plan, refer to SAE EIA-649 Rev. B.
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Appendix H: HSI Plan Content Outline
R.1 HSI Plan Overview

The Human Systems Integration (HSI) Plan documents the strategy for and planned
implementation of HSI through a particular program’s/project’s life cycle. The intent of HSI 1s:

® To ensure the human elements of the total system are effectively integrated with hardware
and software elements,

& To ensure all human capital required to develop and operate the system 1s accounted for in
life-cycle costing, and

® To ensure that the system 1s built to accommodate the charactenistics of the user population
that will operate, maintain, and support the system.

The HSI Plan 1s specific to a program or project and applies to NASA systems engineering per
NPR 71231, NASA Systems Engineering Processes and Requirements. The HSI Plan should
address the followmg:

#® Roles and responsibilities for integration across H51 domains;

¢ Roles and responsibilities for coordinating itegrated HS1 domain inputs with the program
team and stakeholders;

o HSI goals and deliverables for each phase of the life cycle;

® Entry and exit criteria with defined metncs for each phase, review, and milestone;
® Planned methods, tools, requirements, processes, and standards for conducting HSI;
e Sirategies for identifying and resolving HSI nisks; and

e Alignment strategy with the SEMP.

The party or parties responsible for program/project H51 implementation—e_g., an HSI
mntegrator {or team }—should be identified by the program/project manager. The HSI integrator
or team develops and mamntains the HSI Plan with support from and coordination with the
project manager and systems engineer.

Implementation of HS1 on a program/project utilizes many of the tools and products already
required by systems engineering; e.g., development of a ConOps, clear functional allocation
across the elements of a system (hardware, software, and human), and the use of key
performance measurements through the life cycle to validate and venify HSI's effectiveness. It 1s
not the intent of the HSI Plan or its implementation to duplicate other systems engineering plans
or processes, but rather to define the uniquely HSI effort being made to ensure the human
element 15 given equal consideration to hardware/software elements of a program/project.
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R.2 HSI Plan Content Qutline

Each program/project-specific HS1 Plan should be tailored to fit the program/project s size,
scope, and purpose. The following is an example outline for a major program; e.g., space flight
or aeTonautics.

1.0 Introduction

1.1 Purpose

This section brigfly identifies the uirimate objectives for this program.project 's H5f Plan.
This section also infroduces the infended implementers and users of this H5! Plan.

1.2 Scope

This section describes the overall scope of the HS Plan 's role in documenting the strategy
Sfor and implementation of H51. Overall, this section describes that the HS1 Plan:

* It a dynamic document that will be updated ar key life-cycle milestones.

* It a planning and management guide that describes how HS1 will be relevant to the
program/project s goals.

*  Describes planned HSI methodology, tools, schedules, and deliverables.

»  Identifies known program/project H5I issues and concerns and how their resolutions will
be addressed.

*  Defines program/project HAI organizational elements, roles, and responsibilities.

*  May serve as an audit trail that documents HSI data sources, analyses, activities, trade

studies, and decisions not caprured in other program.project documeniation.
1.3 Definitions
This section defines key HS! terms and references relevant program/project-specific terms.

2.0 Applicable Documents

This section lists all documents, references, and dara sources that are invoked by H5!'s
implementation on the program/project, that have a direct impact on HSI outcomes, and/or are
impacted by the HS effart.
3.0 HSI Objectives

3.1 System Description

This section describes the system, missions fo be performed, expected operational
environment(s), predecessor and/or legacy systems fand lessons learned), capability gaps,
stage aof development, etc. Additionally, reference should be made to the acquisition sirategy
Sor the system; e.g., if it is developed in-howuse within NASA or if major systems are intended
Sor external procurement. The overall strategy for program integration showld be referenced.

Note that this information is likely caprured in other program/project documentation and can
be referenced in the HS! Plan rather than repeated.

3.2 H5I Relevance
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At a high level, this section describes H5I's relevance to the program/praject; i.e., how the
HSI strategy will improve the program/profect s outcome. Known HS! challenges should be
described along with mention of areas where human performance in the system’s operations
is predicted o directly impact the probability of overall system performance and mission
SUCCESS.

4.0 HSI Strategy

4.1 HSI Strategy Summary

This section summarizes the HS! approaches, planning, management, and strategies for the

programproject. i showuld describe how HSI products will be integrated across all H51

domains and how HSI inputs fo program/project sysiems engineering and management

processes coniribute fo system performance and help contain life-cyele cost. Thix section for
enfation Summary, Section & of this outling) should incinde a top-level schedule
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4.2 HSI Domains
This section identifies the HSI domains applicable to the program/project including rationale
Jor their relevance.

5.0 HSI Requirements, Organization, and Risk Management
5.1 HSI Requirements

This section references HSI requirements and standards applicable to the
and identifies the authority that invokes them; e.g.. the NASA Procedural Requirements
(NPR) document(s) that invoke applicability.

5.2 HSI Organization, Roles, and Responsibilities

In this section, roles and responsibilities for program/project personnel assigned 1o facilitate
and/or manage HSI tasks are defined; e.g., the HSI integrator (and/or team if required by
NPR 8705.2). HSI integrator/team functional responsibilities to the program are described in

90



addition to identification of organizational elements with H5! responsibilities. Describe the
relationships hetween H5! integrator/team, siakeholders, engineering technical teams, and
governing bodies {conirol boards).

5.2.1 HSI Organization

Describe the HS! management structure jor the program/praject and identify its
leaders and membership.

Reference the organizational structure of the program (including indusiry pariners)
and describe the roles and responsibilities of the HSI integrator/ream within that
stricture. Describe the HS responsible party 's relationship to other teams, including
those for systems engineering, logistics, risk management, fest and evaluation, and
requirenents verification.

Provide the relationship of responsible H3! personnel fo NASA Technical Authorities
(Engineering. Safety, and Health/Medical).

fdenify if the program/project requires NASA- (Government) and/or contractor-
issed HEI Plans, and identify the responsible authorfs). Describe how NASA s HSI
personnel will monitor and assess contractor HSI activities. For contractor-isswed

HS5I Plans, identify requirements and processes for NASA oversight and evaluation af
H5I efforts by subcontractars.

5.2.2 HSl Roles & Responsibilities

Describe the HS! responsible personnel s functional responsibilities to the program /

project, addressing fas examples) the following:

- developing H5I program documentation;

- validating human performance reguirements;

- conducting H5! analyses;

- designing human machine interfaces to provide the level of human performance
required for operations, maintenance, and support, including conduct of fraining;

- describing the role af H5! experts in documenting and reporting the results from
tests and evaluations.

Define how collaboration will be performed within the HS! team, across program /
project integrated product teams and with the program/project manager and systems

Engineer.
Define how the H51 Plan and the SEMP will be kept aligned with each other.

Define responsibility for maintaining and updating the H5I Flan through the
program/project s life cyele.

5.3 HSl Issue and Rizsk Processing

This section describes any HS-unique processes for identifving and mitigating human system
risks. HEI visks should be processed in the same manner and system as other program /
project risks {technical, programmatic, schedule). However, human system risks may only be
recognized by H5! domain and integration experts. Therefore, it may be impartant io
document any unigue procedures by which the program/project HSI integrator/team
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identifies, validates, prioritizes, and tracks the status of HSI-specific risks through the
program/project risk management system. Management of HSI risks may be deemed the
responsibility of the program 's/project’s HSI integrator/team in coordination with overall
program/project risk management.

*  Ensure that potential cost, schedule, risk, and trade-off concerns with the integration of
human elements (operators, maintainers, ground controllers, etc.) with the total system
are identified and mitigated.

*  Ensure that safety, health, or survivability concerns that arise as the system design and
implementation emerge are identified, tracked, and managed.

* [Identify and describe any risks created by limitations on the overall program/project HSI
effort (time, funding, insufficient availability of information, availability of expertise,
ete.).

*  Describe any unique attributes of the process by which the HSI integrator/team elevates
HSI risks to program/project risks.

*  Describe any HSI-unique aspects of how human system risk mitigation strategies are
deemed effective.

6.0 HSI Implementation

6.1 HSI Implementation Summary

This section summarizes the HSI implementation approach by program/project phase. This
section shows how an HSI strategy for the particular program/project is planned to be
tactically enabled; i.e., establishment of HSI priorities; description of specific activities,
tools, and products planned to ensure HSI objectives are met; application of technology in
the achievement of HSI objectives; and an HSI risk processing strategy that identifies and
mitigates technical and schedule concerns when they first arise.
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6.2 HSI Activities and Products

In this section, map activities, resources, and producis associated with planned HSI technical
implementation to each systems engineering phase of the program/project. Consideration
might be given to mapping the needs and products of each H5I domain by program/project
phase. Examples of HSI activities include analyses, mockup/prototype human-in-the-loop
evaluations, simulation/modeling, participation in design and design reviews, formative
evaluations, technical interchanges, and trade studies. Examples of H5I resources include
acquisition of unique/specific HSI skill seis and domain expertise, facilities, equipment, test
articles, specific time allocations, eic.

When activities, products, or risks are tied to life-cycle reviews, they should include a
description of the HSI entrance and exit criteria to clearly define the boundaries of each
phase, as well as resource limitations that may be associated with each activity or product
(time, funding, data availability, erc ). A high-level, summary example listing of H5!
activities, products, and known risk mitigations by life-cycle phase is provided in Table R.2-
I
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Table R.2-1 HSI Activity, Product, or Risk Mitigation by Program/Project Phase

Life-Cycla
Phasa

Phase Dascriplion Activity, Product, or Risk Mitigation

ConOps (Praliminary--to inciude fraining, maintenance, logistics,
atc.)
HSI Plan [baseline)
ConOps (initial)
H5I respansible ias) andior feam identifed bafors SRR
Bh Concapt & Tachnalogy Posyfies .
ase A Devaiop mockups) for HSI evaluations
Davelopment
Craw Workioad Evaluation Plan
Functional altacalian, crew task Usts
Validatian of ConDps [planning)
HSI Plan {update)
ConQOps {basakns)
Davelop enginesnng-lavel mockup(s) for HSI avalualions
. . Deafing craw anvironmental and craw haalth support neads (8.4g.,
Phasa B ﬂ:ml.:mmla.r};ﬂ gn & aircraf? fight decks, human space Right missions)
completion Assess aperator inferfaces through fask analyses (for, 8.g.,
aircraff cockpit operations, air fraffic management. spacecralt
anvironments, mission controd for human space Might missions)

FPra-Phasa A | Concapt Studies

Human-in-tha-oop usability plan
Human-rating repart for POR
M5! Plan {update)
Final Design & . .
Phasa C Eabricat First Articie HSI Tesls
Human-rating repart for COR

System Assembly, Human-rating repart for ORR
Phasa [ infeq. & Test, Launch |Validation of human-cenferad design activilies

& Checkout Validation of ConOps

Operations & . .
Phase E Sustainmant Monioring of human-centered design performance
Phasa F Claseaut Lessons leamed report

6.3 HSl Plan Update

The H5I Plan should be updated throughowt the program/project’s life-cvele management
and systems engineering processes al key milestones. Milestones recommended for HSI Plan

updates are listed in appendix G of NPR 71231, NASA Svstems Engineering Processes and
Reguiremenis.
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Appendix I: Concept of Operations Annotated Outline

This Concept of Operations { ConOps) annotated outline describes the type and sequence of
information that should be contammed in a Con{ps, although the exact content and sequence wall
be a function of the type, size, and complexity of the project. The text in italics descnibes the type
of information that would be provided in the associated subsection. Additional subsections
should be added as necessary to fully describe the envisioned system.

Cover Page
Table of Contents
1.0 Introduction
1.1 Project Description
This section will provide a brief overview of the development activity and system context as
delineated in the following rwo subsections.
1.1.1 Background

Summarize the conditions that created the need for the new sysiem. Provide the high-
level mission goals and objective of the system operation. Provide the rationale for the
development of the sysiem.

1.1.2 Assumptions and Constraints

State the basic assumptions and constrainis in the development af the concepr. Far
example, that some technology will be manured enough by the time the system is ready o
be fielded, or that the system has o be provided by a certain date in order to accomplish

the mission.
1.2 Overview of the Envisioned System
This section provides an executive summary overview of the envisioned system. A move
detailed description will be provided in Section 3.0
1.2.1 Overview

This subsection provides a high-level overview of the sysiem and its operation.
Pictorigls, graphics, videos, models, or other means may be used o provide this
basic understanding of the concepi.

1.2.2 System Scope

This section gives an estimate of the size and complexity of the system. {f defines
the system s external interfaces and enabling systems. It describes what the
project will encompass and what will lie outside of the praject 5 development.

2.0 Documents
2.1 Applicable Documents

This section [ixts all the documents, models, standards or other material that are applicable
and some or all of which will form part of the requirements of the project.
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2.2 Reference Documents
This section provides supplemental information that might be usefiel in understanding the

SpSiem ar (15 SCenarins.

3.0 Description of Envisloned System

This section provides a mare detailed description of the envisioned system and its operation as
contained in the following subsections.

3.1 Needs, Goals and Objectives of Envisionad System

This section describes the needs, goals. and ohjectives as expectations for the sysiem
capahilities, behavior, and operarions. {t may also point fo a separate document or model
that contains the current up-to-date agreed-ro expectations.

3.2 Overview of System and Key Elements

This section describes at a functional level the various elements that will make up the system,
including the users and operators. These descriptions should be implementation free; that is,
not specific to any implementation or design but rather a general description af what the
system and its elements will be expected to do. Graphics, pictorials, videos, and models may
be used to aid this descriprion.

3.3 Imerfacas

This section describes the interfaces of the system with any other systems thar are external to
the project. It may also include high-level interfaces between the major envisioned elements
af the system. Interfaces may inclide mechanical, elecirical, human user/operatar, fluid,
radio frequency, data, or other types of interactions.

3.4 Modes of Operations

This section describes the various modes or configurations that the sysiem may need in order
o ish its intended purpose thronghout iis life cycle. This may include modes needed
in the development of the sysiem, such as _for festing or training, as well as various modes
that will be needed during it operational and disposal phases.

3.5 Proposed Capabilities

This section describes the various capabilities that the envisioned system will provide. These
capabilities cover the entire life cvele of the system s operation, incliuding special
capabilities needed for the verificationvalidation of the system, its capabilities during it
intended operations, and any special capabilities needed during the decommissioning or
disposal process.

4.0 Physical Environment

This section showld describe the enviromment thar the system will be expected to perform in
throwghout its life cyele, including integration, tests, and transportation. This may include
expected and off-nominal temperatures, pressures, radiation, winds, and other aimospheric,
space, or aguatic conditions. A description of whether the sysiem needs fo operate, iolevate with
degraded performance, or just survive in these conditions should be noted.



5.0 Support Environment

This section describes how the envisioned system will be supported after being fielded. This
inciudes how operational planning will be performed and how commanding or ather uploads
will be determined and provided, as reguired. Discussions may include how the emvisioned
system would be maintained, repaired, replaced, it's sparing philosophy, and how future
upgrades may be performed. It may also include assumptions on the level of continued support
Sfram the design feams.

6.0 Operational Scenarios, Use Cases and/or Design Reference Missions

This section takes key scenavios, use cases, or DRM and discusses what the envisioned svstem
provides or how it functions throughour thar single-thread timeline. The number of scenarios,
use cases, or DRMs discussed showld cover both nomingl and off-rominal conditions and cover
all expected functions and capabilities. A good practice is fo label each of these scenarios to
Sacilitate requirements traceability; e.g., (DRM-0100G], [DRM-0200, etc.

6.1 Nominal Conditions

These scenarios, use cases, or DRMs cover how the envisioned system will operate under
normal circumstances where there are no problems or anomalies raking place.

6.2 Off-Nominal Conditions

These scenarios cover cases where some condition has accurred that will need the system 1o
perfarm in a way that is different from normal. This would cover failures, low performance,
unexpected environmental conditions, or operator ervors. These scenarios should reveal any

additional capabilities or safeguards that are needed in the system.

7.0 Impact Considerations
This section describes the potential impaces, both positive and negative, on the environment and

other areas.
7.1 Environmental Impacts

Describes how the envisioned system could impact the environment of the local area, state,
country, worldwide, space, and other planetary bodies as appropriate for the systems
intended purpose. This includes the possibility of the generation of any arbital debris,
potential comtamination of other planetary bodies or atmosphere, and generation of
hazardous wastes that will need disposal on earth and other factors. Impacts showld cover
the entire life cvele of the system from development through disposal.

7.2 Organizational Impacts

Describes how the envisioned system could impact existing or future organizational aspects.
This would include the need for hiring specialists or operators, specialized or widespread
fraining or retraining, and use of muliiple organizations.

7.3 Sclentific/Technical Impacts

This subsection describes the anticipated scientific or technical impact of a successfil
mission or deployment, what scientific questions will be answered, what knowledge gaps will
be filled, and what services will be provided. If the purpose of this system is to improve
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operations or logistics instead of science, describe the anticipated impact of the system in
those terms.

8.0 Risks and Potential Issues

This section describes any risks and potential issues associated with the development, operations
or disposal of the envisioned system. Also includes concerns/risks with the project schedule,
staffing support, or implementation approach. Allocate subsections as needed for each risk or
issue consideration. Pay special attention to closeout issues at the end of the project.

Appendix A Acronyms

This part lists each acronym used in the ConOps and spells it out.

Appendix B Glossary of Terms

The part lists key terms used in the ConOps and provides a description of their meaning.
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Appendix J: PSAT1U Baseline Model

The PSAT1U Baseline Model is an MBSE representation of the satellite. The baseline
model is unique in that it defines all of the important subsystems, components, and
interfaces of the PSAT1U, but leaves the payload and mission specific modules

undefined. This allows a user to understand the payload design space in clear terms. In

this way, a practitioner can apply their mission application and the components
associated with it to the baseline model to create their own mission specific model.

The model was developed using CAMEO Systems Modeler MBSE Software V19.0. Each
predefined architecture package or template was created to represent a corresponding
system or subsystem on the physical PSAT1U satellite design. As an example, Section

10, the overall Architecture Hierarchy of the PSAT1U Baseline Model is depicted in

Figure J.1-1.

The Architecture Hierarchy encompasses all of the subsystems, subsystem components

and ground system components along with the domain, enterprise and segment
packages.
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Figure J.1-1 PSAT1U Baseline Model Architecture Hierarchy
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From within the Architecture Hierarchy, any of the Subsystem Structures Packages can
be accessed and critical information and interfaces can be reviewed and understood.
Figure J.1-2, for example, represents the ADCS Subsystem Block Definition Diagram and
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its relationships with other parts of the structures package and shared components. In
turn, more information and relationships are contained within each instance of a

subsystem or component.

bdd-[Subsystem] Attitude Determination and Control Subsystem| Attitude Determination and Control Subsystem bdd ])

T s

L3.1_PSAT1U Subsystems pkg

L3.1.2_Structures pkg

aSubsystems

Subsystem

Attitude Determination and Control

- 13 duly 2018

Attitude Determination
andControl. . .. .. .

parts
board : Centralized ADCS Board
Coils : Torgue Coil Side Panels.
Bus1 : Watchdog Timer Reset Circuit
Bus2 : Paylead Secure Bus
Bus3 : 4Volt Bus

Bus4 : SVolt Bus

- Components - Population

e L4.1 |PSAT 1U CubeSat Subsystems Componentts pkg
' |
L4.1.4 PSAT 1U Attifude Determination and
Control Gomponents pkg L“"""—j“"’" CTIEEERBELY
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L4.1.4.2_Tructures pky e
Arduino processor
Comp tn Comp ty Comp
Software Actuator Diodes
and i
Current &
sensors
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Figure J.1-2 ADCS Subsystem Block Definition Diagram

Figure J.1-3 is the package diagram describing the Electrical Power System for the
spacecraft. In it, each of the main component parts are described and further details and
specifications of those parts are also available. Within the specification for the EPS,
pertinent information such as the as-designed power budget (Figure J.1-4) is also

available.
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Figure J.1-3 Electrical Power System Package Diagram

WY Specification of Subsystem Attitude Determination and Control Subsystem

Specification of documentation
Write documentation for the selected Subsystem,

o 2 Documentation
& Attitude Determination and Control Subsystem Owm &

Fower Budget:

/ Load, Voltage, Ipk, Duty Cycle, Normal (mA), Stdby (mA), ALL ON (m&)
Usage in Diagrams SATT4RX (StdBy), 5, 60, 90%, 54, 54, OFF

Usage In SATT4RX, 3.3, 120, 10%, 12, OFF, 120

Constraints EATT4TX Tim, 4, 750, 2%, 15, 15, 750

Ports/Interfaces EATTATY Users, 4, 750, 4%, 30, OFF, OFF

Properties iarduine CPU On, 3.3, 5, 10%, 1, OFF, 5

iarduino CPU sleep, 3.3, 2, 90%, 2, 2, OFF

Navigation/Hyperlinks

Operations
Behaviors
Relations Totals, 0, 0, 0, 113, 71, 946
Alocations
Instances Solar Current per Panel = 503.085 mA

laverage Current from geometry = 712,55 mA

: Current Margin (Stdby)™ = 432,085 mA

: [current Margin (Normal)* = 390.085 mA

 [*Margin Calculated Assuming Single Panel Power Production (minimum)

lAvg Capactiy Produced Per Orbit = 539,55 mAh
lAvg Capacity Consumer Per Orbit = 56,5 mah
Capacity Margin = 543.05 mAh

[Time (min)
Edlipse: 30
Daylight: 60

Delete

Close Back Forward Help

Figure J.1-4 Specification for Electrical Power System including Power Budget Information
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