[bookmark: _Hlk108676480][bookmark: _Hlk80728542]


[image: A picture containing text

Description automatically generated]




Thermal Control Subsystem Analysis Report





Revision: 1.2
Author/Group: ABEX Thermal Control Team
Publish Date: 7/30/2022

Document Classification: Public
[bookmark: _Toc110102722]Change Log
	Group
	Revision No.
	Description
	Effective Date

	Thermal Control
	1.1
	Added in preliminary data 
	7/20/2022

	Thermal Control
	1.2
	Adjusted formatting
	7/30/2022





[bookmark: _Toc110102723]Table of TBDs
	No.
	Section
	Description
	Date

	
	
	
	




[bookmark: _Toc109909871][bookmark: _Toc110102724]Table of Contents

Change Log	2
Table of TBDs	3
Table of Contents	4
Table of Tables	5
Table of Figures	6
1.	Team Structure	7
2.	Technical Performance Measures and Knowledge Points	7
2.1	MATLAB	8
2.2 Simulink	11
2.3 Thermal Desktop	11
Appendix A	Acronyms, Terminology, & Nomenclature	14
A.1	Acronyms	14
A.2	Terminology	15
A.3	Nomenclature	17




[bookmark: _Toc110102725]Table of Tables
Table 1: MATLAB Knowledge Points	9
Table 2: Simulink Knowledge Points	11
Table 3: Thermal Desktop Technical Performance Measures	12
Table 4: Thermal Desktop Knowledge Points	12



[bookmark: _Toc110102726]Table of Figures
Figure 1: Information Flow	7



1. [bookmark: _Toc110102727]Team Structure
	The thermal control team divides its analysis into four sub-teams, Particle Radiation, MATLAB. Simulink and Thermal Desktop. The Particle Radiation team has an adjacent SAR to discuss their results specifically, so this document will represent the other three sub-teams. Below is a figure detailing how our design process feeds each sub-team.
MATLAB
Simulink
Thermal Desktop
Systems Modeling Language (SysML)
provides input to
Space Environment Info. System (SPENVIS)
Systems Tool Kit (STK)
provides input to
[bookmark: _Toc110102717]Figure 1: Information Flow
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2. [bookmark: _Toc110102728]Technical Performance Measures and Knowledge Points

Technical Performance Measures (TPMs) and Knowledge Points (KPs) outline the parameters and considerations necessary to achieve the desired design goal within a team or sub-team’s individual effort. TPMs are considered the top level design considerations, whereas KPs exist more as a roadmap to TPMs. The Thermal Control Team has two TPMs to consider, and a host of KPs to achieve a thorough analysis of said TPMs. This document outlines how each respective sub-team within the Thermal Control Team divide the process of analyzing TPMs.
2.1 [bookmark: _Toc110102729] MATLAB

The MATLAB team represents a “first pass” analysis of the Thermal Condition of the CubeSat. The satellite is assumed to be isothermal to calculate a value for the radiator area and the patch heater wattage needed to keep the satellite in an acceptable thermal condition during a predetermined environmental maximum and environmental minimum. MATLAB does not calculate any TPMs, instead it calculates a list of KPs to facilitate the later calculation of TPMs. . All of the incident radiation to the satellite is summed alongside the heat the satellite generates through operation to represent a value for Incoming Heat and Operational Heat Generation. The value for the heat being radiated from the satellite is calculated by assuming either a static nominal value for the radiator area in order to calculate the Patch Heater Wattage, or by assuming that the patch heaters are off in order to calculate the Radiator Area. These three values together represent the flow of heat into and out of the satellite, and thus they define the Min/Max Thermal Condition of the satellite. By technicality, the actual value for the Min/Max thermal condition does not require a heat out term, as it is proportional to the incoming and generated heat. Thus, the actual Min/Max Thermal condition is solely dependent on the oncoming and generated heat, which is exemplified in the DKM. Below are a list of the assumptions used for that calculation.
· The satellite is Isothermal
· Faces absorb and emit heat uniformly
· (this will change) The earth’s albedo is not dependent on the latitude of orbit
· Non-angle dependent absorptivity is supplemented by a angle-dependent trendline for analysis
· The solar arrays are not dissipating heat

Table 1: MATLAB Knowledge Points contains results for all MATLAB KPs. Note the in some cases, the values are. measured per face. When this occurs, an array in the cell indicates the following faces in this order: [positive X, negative X, positive Y, negative Y, positive Z, negative Z]. 


[bookmark: _Ref110099476][bookmark: _Toc110102711]Table 1: MATLAB Knowledge Points
	KP
	Unit
	Cold State Value
	Hot State Value

	[bookmark: _Hlk109216658]Maximum Heat Flux
	
	N/A
	[87.8, 91.71, 163.21, 187.09, 1414, 0]

	Minimum Heat Flux
	
	[0, 0, 0, 0, 1322, 0]
	N/A

	Solar Emission Heat Flux
	
	1322
	1414

	Earth Emission Heat Flux
	
	184.59
	211.14

	Albedo Heat Flux
	
	312.87
	393.39

	Free Molecular Heating Flux
	
	0.0092
	0.0790

	Charged Particle Heating Flux
	
	0
	0.0164

	Solar Emission Effective Absorptivity
	N/A
	[0, 0, 0, 0, 0.7993, 0.7993]
	[0, 0, 0, 0, 0.7993, 0.7993]

	Earth Emission Effective Absorptivity
	N/A
	[0.334, 0.344, 0.355, 0.353, 0.838, 0.838]
	[0.334, 0.344, 0.355, 0.353, 0.838, 0.838]

	Albedo Effective Absorptivity
	N/A
	[0.141, 0.141, 0.163, 0.145, 0.815, 0.815]
	[0.141, 0.141, 0.163, 0.145, 0.815, 0.815]

	Solar Emission Angle of Incidence
	Degrees
	[90, 90, 90, 90, 0.0016, 179.99]
	[90, 90, 90, 90, 0.0016, 179.99]

	Earth Emission Angle of Incidence
	Degrees
	[90, 90, 72.11,  107.89, 162.11, 17.89]
	[90, 90, 72.11,  107.89, 162.11, 17.89]

	Albedo Angle of Incidence
	Degrees
	[90, 90, 72.11,  107.89, 162.11, 17.89]
	[90, 90, 72.11,  107.89, 162.11, 17.89]

	Free Molecular Heating Projected Area
	
	[0, 0, 0, 0, 0, 0.05]
	[0, 0, 0, 0, 0, 0.05]

	Solar Emission Projected Area
	
	[0, 0, 0, 0, 0.507, 0]
	[0, 0, 0, 0, 0.507, 0]

	Earth Emission Projected Area
	
	[0, 0, 0.043, 0, 0, 0]
	[0, 0, 0.043, 0, 0, 0]

	Albedo Projected Area
	
	[0, 0, 0.043, 0, 0, 0]
	[0, 0, 0.043, 0, 0, 0]

	Heat Dissipated by Electrical Components
	W
	7.42
	9.97

	Heat Dissipated by EPS
	W
	3
	5

	Heat Dissipated by Battery
	W
	12.90
	20.73

	Solar Array Generated Power
	
	144.96
	0

	Direct Solar Absorbed Heat
	
	[0, 0, 0, 0, 402.21, 0]
	[0, 0, 0, 0, 585.24, 0]

	Earth Albedo Absorbed Heat
	
	[0, 0, 1.25, 0, 13.85, 0]
	[0, 0, 1.64, 0, 20.3, 0]

	Earth Emission Absorbed Heat
	
	[0, 0, 3.5, 0, 6.76, 0]
	[0, 0, 5.1, 0, 7.5, 0]

	Absorbed Free Molecular Heating
	
	N/A
	N/A

	Absorbed Charged Particle Heating
	
	0.011
	0.023

	Operational Heat Generation
	
	23.32
	35.70

	Incoming Heat
	
	412.16
	595.44

	Absorbed Heat per Face
	
	[0, 0, 5.3, 0, 402.21, 0]
	[0, 0, 5.85, 0, 586.09, 0]

	Radiative Heat Rejection per Face
	
	N/A
	N/A

	Isothermal Heater Wattage
	
	47.72
	N/A

	Isothermal Radiator Area
	
	N/A
	.1942






[bookmark: _Toc110102730]2.2 Simulink

The Simulink team takes the calculations done by the MATLAB team and expounds on them in a component-based non-isothermal model. The goal of the Simulink team is to take the results of the Isothermal MATLAB model and apply a higher level of calculation fidelity to two specific parameters, the Isothermal Heater Wattage and the Isothermal Radiator Area. By considering a potential combination of any Heater Wattage and Radiator Area within an operational zone of zero to two times the isothermal bounds, Simulink defines an accurate zone of concurrence between the independent parameters to pass to the Thermal Desktop Team. As such, the KPs needed to generate this analysis differ from MATLAB and are shown in Table 2: Simulink Knowledge Points.
[bookmark: _Ref110099433][bookmark: _Toc110102712]Table 2: Simulink Knowledge Points
	KP
	Unit
	Cold State Value
	Hot State Value

	Isothermal Radiator Area Range
	m2
	[0.0046,0.023,0.0414,0.0600]
	[0.0023,0.021,0.0552,0.0575]

	Isothermal Heater Wattage Range
	W
	[4,5.25,7.00,8]
	N/A

	Component Thermal Resistances
	K/W
	[0,0.76,1.282,2.365]
	N/A

	Component Boundary Condition Heat Flux Aray
	W/ m2
	661.2
	1017

	Heater Wattage and Radiator Area Operational Envelope
	N/A
	N/A
	N/A
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The Thermal Desktop Team takes the operational envelope developed by the Simulink team and tests the boundary cases with a Finite Element Analysis thermal condition in order to develop an accurate thermal model of a specific combination of radiator area and patch heater wattages, increasing the fidelity and legitimacy of the analysis. The Thermal Desktop team is the only team that calculates TPMs. TPMs are essential design building blocks that influence decisions regarding the focus of a team’s efforts. The TPMs and KPs calculated by the Thermal Desktop Team are shown below in the following tables. It should be noted that at the current moment the Thermal Desktop Team does not generate any values, thus the TPMs and KPs are listed without any specific metrics in Table 3: Thermal Desktop Technical Performance Measures and Table 4: Thermal Desktop Knowledge Points
[bookmark: _Ref110099452][bookmark: _Toc110102713]Table 3: Thermal Desktop Technical Performance Measures
	TPM
	Unit

	Implemented Radiator Area
	

	Implemented Heater Wattage
	



[bookmark: _Ref110099458][bookmark: _Toc110102714]Table 4: Thermal Desktop Knowledge Points
	KP
	Unit

	Transient Temperature Distribution
	

	Thermally Feasible Heater Wattages
	W

	Thermally Feasible Radiator Areas
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	Acronym
	Definition

	ABEX 
	Alabama Burst Energetics Explorer 

	APRA 
	Astrophysics Research & Analysis  

	ASGC 
	Alabama Space Grant Consortium 

	CAD 
	Computer-Aided Design 

	C&DH 
	Command & Data Handling 

	CDR 
	Critical Design Review 

	CE 
	Chief Engineer 

	CLB 
	Configurable Logic Block 

	COTS 
	Commercial Off The Shelf 

	CS 
	Chief Scientist 

	CSLI 
	CubeSat Launch Initiative 

	DAC 
	Design Analysis Cycle 

	EAR 
	Export Administration Regulations 

	EPMs 
	Educational Performance Measures 

	EPS 
	Electrical Power System 

	FPGA 
	Field Programmable Gate Array 

	FSW 
	Flight Software 

	GN&C 
	Guidance, Navigation, & Control 

	GPS 
	Global Positioning System 

	GRB 
	Gamma-ray Burst 

	GRD 
	Gamma-ray Detector 

	HV 
	High Voltage 

	ICP 
	Instrument Calibration Plan 

	IMS 
	Integrated Master Schedule 

	IMU 
	Inertial Measurement Unit 

	ISM 
	Integrated Systems Model 

	ITAR 
	International Traffic in Arms Regulations 

	IV&T
	Integration, Verification, & Test

	KDP 
	Key Decision Point 

	KPPs 
	Key Performance Parameters 

	LSE 
	Lead System Engineer 

	MBSE 
	Models Based System Engineering 

	MCR 
	Mission Concept Review 

	NDA 
	Non-Disclosure Agreement 

	NIST 
	National Institute of Standards and Technology 

	PC 
	Program Coordinator  

	PDR 
	Preliminary Design Review 

	PIU 
	Payload Interface Unit 

	PM 
	Project Manager 

	POP 
	Period of Performance 

	QP
	Qualification Plan

	QR
	Qualification Report

	QPSK 
	Quadrature Phase Shift Keying 

	SE 
	Systems Engineering 

	SEMP 
	System Engineering Management Plan 

	SIS 
	Software Interface Specification 

	SME 
	Subject Matter Expert 

	SMP 
	Software Management Plan 

	SQP 
	Structural Qualification Plan 

	SQR 
	Structural Qualification Report 

	SRD 
	System Requirements Document 

	SRR 
	System Requirements Review  

	STDP 
	Subsystem Technology Development Plan 

	STP 
	Subsystem Testing Plan 

	TCP 
	Technology Control Plan 

	TID 
	Total Ionizing Dose 

	TPM 
	Technical Performance Measure 

	TQP 
	Thermal Qualification Plan 

	TQR 
	Thermal Qualification Report 

	TRL 
	Technology Readiness Level 

	TT&C 
	Telemetry, Tracking, & Command 

	V&V 
	Verification and Validation 

	WBS 
	Work Breakdown Structure 

	XRD 
	X-ray Detector 
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	Term
	Description

	Acceptance
	A type of verification procedure specifically for testing and analysis. Acceptance test/analysis criteria show that the manufacturing/workmanship of the unit conforms to the design that was previously verified/qualified. Acceptance activities are performed on each of the flight units as they are manufactured and readied for flight/use (NASA Systems Engineering Handbook, 2016)

	Analysis
	Verification by analysis is a predicted compliance to requirements. 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 (NASA Systems Engineering Handbook, 2016).

	Assembly
	The mechanical mating of components to form a system.

	Certification
	The audit process by which the body of evidence that results from the verification activities and other activities are provided to the appropriate certifying authority to indicate the design is certified for flight/use. The Certification activity is performed once regardless of how many flight units may be generated (NASA Systems Engineering Handbook, 2016).

	Configuration Item
	The combination of two components, subsystems, or systems of lesser complexity resulting in a combined assembly, subsystem, or system with greater complexity. Configuration Items exist at Integration Points; a sequence of Configuration Items along several Integration Points comprises an Integration Chain.

	Demonstration
	Verification by demonstration is an observed compliance to requirements accomplished by 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 mock-ups (NASA Systems Engineering Handbook, 2016).

	Inspection
	Verification by inspection is a documented compliance to requirements. The visual examination of a realized end product. Inspection is generally used to verify physical design features or specific manufacturer identification (NASA Systems Engineering Handbook, 2016).

	Integration
	The process of combining less complex functions, understanding those functions, and controlling those functions to achieve a system satisfying its requirements.

	Integration Chain
	A series of Integration Points. Integration Chains can be represented as tree or fishbone diagrams where many components, subsystems, or systems of lesser complexity are combined as Configuration Items at Integration Points to create a system of higher complexity. Integration Chains are generally defined to realize a Technical Performance Measure.  

	Integration Point
	The location on a schedule where two or more components, subsystems, or systems of lesser complexity are combined as a Configuration Item with greater complexity. A series of Integration Points comprises an Integration Chain.

	Interface
	An interface represents a constraint based on the logical and physical boundary conditions between two or more entities within a level of abstraction, between System of Interest elements, between other mission systems, between enabling systems, or between the System of Interest and its Operational Environment. Interfaces can be for physical connection, energy transfer (power or heat), matter, or data (Wasson, 2016).

	Key Performance Parameter
	Those capabilities or characteristics (typically engineering-based or related to health and safety or operational performance) considered most essential for successful mission accomplishment. They characterize the major drivers of operational performance, supportability, and interoperability (NASA Systems Engineering Handbook, 2016).

	Mode
	An abstract configuration, condition, or process that occurs with or without a corresponding physical state in a component, subsystem, or system at a given time. A non-tangible, non-physical concept.

	Model
	A mathematical representation of reality (NASA Systems Engineering Handbook, 2016).

	Operational Environment
	The surrounding systems, materials, or occurrences defining a system’s ability to externally interact. The Operational Environment is comprised of a Human Systems Environment, a Natural Environment, and an Induced Environment (Wasson, 2016).

	Primary TPM
	A regular Technical Performance Measure, either a Key Performance Parameter, Technical Performance Parameter, or Technical Environmental Parameter; this distinction exists only as an organizational hierarchy.

	Qualification
	A subset of the verification program that is performed at the extremes of the environmental envelope and will ensure the design will operate properly with the expected margins. Qualification is performed once regardless of how many flight units may be generated as long as the design doesn’t change.

	Secondary TPM
	A subdivision of a Primary TPM for the purpose of representing portions of Primary TPM concepts within a Domain Knowledge Map. Secondary TPMs are not tracked or reported and do not required a target threshold. Secondary TPMs exist only as an organizational hierarchy for conceptual organization. Secondary TPMs can break down further into more Secondary TPMs.

	Simulation
	The manipulation of a model (NASA Systems Engineering Handbook, 2016).

	State
	A physical mechanical configuration, environmental condition, operational condition, or other physical condition that either happens to or is initiated by a component, subsystem, or system at a given time.

	Technical Performance Measure
	A set of performance measures that are monitored by comparing the current actual achievement of the parameters with that anticipated at the current time and on future dates (NASA Systems Engineering Handbook, 2016)

	Technical Performance Parameter
	Those capabilities or characteristics (typically engineering-based or related to health and safety or operational performance) considered relevant to operational performance, supportability, and interoperability at any level.

	Technical Environmental Parameter
	Those capabilities or characteristics relevant to the definition of system interactions with the Operational Environment.

	Test
	Verification by test is a measured compliance to requirements. : 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 verification technique. As the saying goes, “Test as you fly, and fly as you test” (NASA Systems Engineering Handbook, 2016).

	Validation
	Validation of a product shows that the product accomplishes the intended purpose in the intended environment—that it meets the expectations of the customer and other stakeholders as shown through performance of a test, analysis, inspection, or demonstration (NASA Systems Engineering Handbook, 2016).

	Verification
	Verification is a formal process, using the method of test, analysis, inspection or demonstration, to confirm that a system and its associated hardware and software components satisfy all specified requirements. The Verification program is performed once regardless of how many flight units may be generated as long as the design doesn’t change (NASA Systems Engineering Handbook, 2016).
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