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A software tool was developed in MATLAB for orbit propagation and thermal analysis 

of CubeSats missions. For a given CubeSat mission operating in low-Earth orbit (LEO), this tool 

otherwise known as CubeSat Orbital-Thermal Analysis Program (COTAP), can establish a 

theoretical dataset of orbital-thermal information which may be compared to corresponding 

theoretical data from other software for corroboration. The primary objective of COTAP is to 

provide the CubeSat designer with a preliminary understanding of the transient and steady-state 

thermal behavior of the CubeSat in orbit around the Earth, thus allowing the designer to make 

well-informed design decisions based on the thermal requirements of the CubeSat mission.  

COTAP was used to perform an orbital-thermal analysis of the primary structural 

component of a CubeSat over a single orbital period as well as a three-day period. The results of 

these analyses were compared to the results of the same analyses performed in an industry-

standard orbital-thermal analysis software to assess the accuracy of the COTAP results. Through 

this study, the assessed results obtained from COTAP validated the accuracy of several crucial 

orbital-thermal properties of the CubeSat to less than or equal to 3.46% error.
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CHAPTER 1 

1. INTRODUCTION AND LITERATURE REVIEW 

1.1 History and Applicability of CubeSats 

The past two decades have yielded a tremendous growth in small satellite 

development and deployment for both academic and commercial ventures, with 

projections suggesting a continued acceleration of these developments into the near 

future. These projections are presented in Figure 1-1 [1]. The National Aeronautics and 

Space Administration (NASA) defines a small spacecraft, or a “SmallSat” as a satellite 

with a mass of less than 180 kg. Based on this same system, NASA defines a CubeSat as 

a “Nanosatellite,” or a satellite with a mass between 1 and 10 kg [2]. According to Bryce 

Space and Technology, Nanosatellites (CubeSats) comprised the largest fraction of 

SmallSats launched since 2013; this trend is illustrated in Figure 1-2 [3].  

 

 
 

Figure 1-1. Nanosatellite launches since 1998 with projections up to 2023. 
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Figure 1-2. SmallSats launched between 2012 and 2018. 

 

When compared to conventionally larger satellite buses, CubeSats offer the 

substantial benefits of low production cost, rapid development schedule, and reduced 

financial and project developmental repercussions in the case of mission failure, while 

nonetheless retaining the ability to conduct valuable scientific and commercial activity. 

Given the benefits offered through CubeSat development, it is logical that this option for 

satellite development is attractive for entities such as university research groups and 

small companies.  

1.2 Thermal Design and Analysis of CubeSats 

A crucial part of the design process for any satellite, including CubeSats, is the 

thermal analysis of the satellite itself and of its internal components and subsystems. 

These internal components and the scientific payload implemented in a satellite are 

required to maintain a specific operating range of temperatures where proper 

functionality can be reliably achieved. Typically, two distinct sets of temperature limits 

are defined for a given component, subsystem, or for the satellite as a whole: the 

operational limits, within which the given article’s temperature must lie during operation, 
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and the survival limits, within which the given article’s temperature must always lie 

during the entire functional mission lifetime. Deviation from these limits can cause out-

of-tolerance performance or permanent equipment damage, respectively [4]. It is 

therefore imperative that the CubeSat designer have an understanding of the thermal 

environment the CubeSat and its components shall encounter, as well as the temperature 

response thus incurred in the CubeSat and its components. 

Comprehensive thermal analysis of a satellite in low-Earth orbit (LEO) is a 

complex process which must be performed meticulously to ensure that accurate results 

are produced and that a proper understanding of the thermal behavior is achieved. 

Rudimentary “hand calculation” analyses can be performed with little difficulty and can 

provide approximations of true conditions, but the scope of this sort of assessment is 

likely insufficient for the designer to achieve the level of understanding necessary to 

make well-informed design decisions in terms of thermal control. Conversely, the 

computational power required to achieve a comprehensive thermal analysis in this 

context can be substantial, and thus any industry-standard tools or software capable of 

performing thermal analyses pertinent to satellites in LEO are often prohibitively 

expensive for organizations or entities engaged in CubeSat design. 

Due to these inherent challenges, CubeSat missions often do not conduct 

comprehensive thermal analyses as a dedicated step in the design process, relying instead 

on more simplistic analyses [5]. It is thus proposed that a MATLAB-based orbit 

propagation and thermal analysis tool can be developed that is user-accessible enough to 

allow quick setup and preprocessing of a CubeSat thermal analysis given a specific 

mission profile and timeline, computationally robust enough to generate meaningful 

results, and coarse enough in its resolution to remain computationally inexpensive. 
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1.3 Existing Thermal Analysis Capabilities for Spacecraft Applications 

There exists a variety of industry-standard thermal simulation platforms for 

spacecraft applications. Some of these include C&R Technologies Thermal Desktop, NX 

Space Systems Thermal, and MSC Software Thermica. These applications offer 

extensive capabilities in terms of contextual scope and technical depth. For example, 

according to the C&R Technologies website, Thermal Desktop “…is general-purpose, 

which means it is suitable for everything from commercial submarine components to 

planetary exploration systems.” [6]. According to the Siemens website for NX Space 

Systems Thermal, the software includes orbital models for all the solar system’s planets 

[7]. Similarly, Thermica also includes capabilities to perform thermal simulations of 

spacecraft about any planet in the solar system [8].  

The extensive capabilities offered by these applications partially accounts for the 

high cost of obtaining licenses therein. Furthermore, the capabilities offered by these 

products are often far in excess of that required by groups or individuals performing 

thermal analyses of CubeSats in LEO. In other words, for many CubeSat designers, a 

thermal analysis application with decreased cost and fewer capabilities, when compared 

to the industry standard applications, could be preferable from a project cost standpoint. 

For example, a license for Thermal Desktop was acquired by the ADvanced Autonomous 

MUltiple Spacecraft (ADAMUS) Lab at the University of Florida (UF), and the 

associated cost was on the order of $15,000. Similarly, the complete software package 

necessary to run Thermica costs on the order of $5,000 according to a quote received by 

the ADAMUS Lab. These cost may be prohibitively expensive, for example, for a 

student-run CubeSat design team who do not have contractual or other financial support. 
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Three notable cases of CubeSat thermal analyses performed by individuals or 

teams for university CubeSat design projects were investigated for this thesis. In these 

cases, the designers employed industry-standard thermal analysis capabilities to assess 

the thermal response in either a given component, sub-system, or the entire CubeSat. 

In the first case, a study conducted by students at Florida International University, 

a CubeSat thermal analysis was performed using SolidWorks 2016 to help in the 

development of thermal insulation to protect the CubeSat’s internal systems from large 

temperature variations. For this analysis, the students considered only a portion of the 

total heat transfer in the CubeSat; the one-dimensional conduction in a wall of the 

CubeSat’s structure resulting from the environmental thermal loads was considered. By 

performing this analysis, the students selected a material and a thickness for an insulation 

material for the CubeSat. From an analysis standpoint, the study was fairly rudimentary 

in that it incorporated several simplifying assumptions such as constant thermal loads and 

only one-dimensional conduction. Nevertheless, for the purposes of the study’s goals, the 

analysis was appropriate despite its simplicity [9]. 

The second case, which was a collaboration between students at the University of 

Porto in Portugal, the University of Vigo in Spain, and the University of Bologna in Italy, 

assessed the temperature response of the electronics in a CubeSat. For the thermal 

analysis, the students employed the Icepak software within ANSYS, which is a dedicated 

electronics heat transfer finite element analysis software [10]. In their analysis, the 

students made the assumption of constant external thermal loads due to the CubeSat’s 

sun-synchronous orbit, meaning that the CubeSat always views the sun. This assumption 

omits some of details of the orbital-thermal environmental loads, which may result in 

inaccuracies in the thermal analysis. Nevertheless, the analysis achieved a time-
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dependent temperature distribution within the electronic components of the CubeSat 

which was satisfactory for the students’ needs. However, in their discussion of future 

work, the students expressed a desire for incorporating orbital-thermal environment data 

for determining time-dependent heat loads [11].  

The third case assessed for this work, a CubeSat thermal analysis performed by 

students at San José State University, also employed ANYSIS Icepak to assess the 

thermal response of the electronics. However, in this case, the student also performed an 

analysis of the CubeSat’s external structure using Thermal Desktop. The motivation of 

this heat transfer analysis was to characterize the bounding temperature ranges the on-

board electronics would experience on orbit by considering the entire CubeSat as a 

thermal system interacting with the orbital-thermal environment. The workflow 

employed by this team, including the use of ANSYS and Thermal Desktop software 

capabilities, achieved a satisfactory thermal analysis of the CubeSat’s electronics [12]. 

It is evident from pertinent literature that dedicated CubeSat efforts often rely 

upon industry-standard software packages to perform thermal analysis, if a substantial 

thermal analysis is indeed performed at all. Moreover, some of the aspects of the thermal 

analyses assessed for this thesis did not employ the full capability of the industry-

standard software, especially the thermal analysis from the first case. This suggests that 

when CubeSat design efforts have a need for a dedicated orbital-thermal analysis, the 

purchase and implementation of an industry-standard software is favored over the 

development of a simplified orbital-thermal solver. This further suggests that if these 

teams had access to a simplified yet functionally-sufficient orbital-thermal solver, this 

option may have been employed instead of a more robust industry-standard software. 
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1.4 Overview of Work 

The efforts described in this thesis have produced a thermal analysis platform 

tailored to CubeSat applications, which shall hereafter be referred to as CubeSat Orbital-

Thermal Analysis Program (COTAP). COTAP was developed in MATLAB, and it 

provides the CubeSat designer a platform to conduct orbital-thermal analyses of Earth-

orbit-based CubeSats. The scope provided by COTAP shall be greater than that of hand 

calculations and lower than that of typical industry-standard thermal analysis platforms. 

COTAP therefore intends to fulfill the role of a low-cost yet robust orbital-thermal 

simulation platform designed specifically for Earth-orbit-based CubeSat thermal analysis. 

1.4.1 Motivation 

The initial motivation for the development of COTAP arose from research 

conducted by the ADAMUS Lab at UF in collaboration with NASA Launch Service 

Program (LSP) at the Kennedy space Center (KSC) and A.I. Solutions. This project, 

known officially as LSP 19-003 Highly Reflective Coating CubeSat, and colloquially as 

PAssive Thermal Coating Observatory Operating in Low-earth orbit (PATCOOL), entails 

the design of a CubeSat to serve as a testbed for an experimental selective surface for 

passive thermal control of articles in space.  

Specifically, two experimental samples coated in the selective surface are 

contained within the CubeSat, along with two samples coated with the current state-of-

the-art passive thermal control coating, and all the samples are equipped with temperature 

sensors connected to measure their temperature over the duration of the mission. The 

development of the experimental samples is based upon work performed by Hibbard and 

Liebert in the 1960s, in which it was theoretically demonstrated that such a selective 

surface may passively achieve a temperature of approximately 40 𝐾 at 1 𝐴𝑈 from the Sun 
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[13]. For this mission, it is desired that the samples be maintained to as low a temperature 

as feasible, and that all the samples experience a consistent thermal environment. Figure 

1-3 demonstrates the layout of the PATCOOL CubeSat, including a view of its payload 

section containing the experimental samples, represented as blue disks. 

 

A  B 

 

 

Figure 1-3. PATCOOL CubeSat. A) Layout and B) Payload. 

 

This project has a strong focus on thermal design and control, and thus requires 

thermal analysis to achieve an understanding of the temperature distribution within the 

CubeSat during its mission. In the preliminary phases of the project, the thermal analysis 

functionality in SolidWorks was used to characterize the thermal interaction between 

components of the PATCOOL CubeSat to ensure that the component containing the 

samples could be maintained at a lower temperature than the CubeSat structure during the 

mission. A simple MATLAB heat transfer model was also developed to corroborate the 

results obtained in SolidWorks. However, the applicability of these preliminary 

capabilities did not extend significantly beyond this, as there were no orbital functionality 

available therein. Since it was desired to achieve a more thorough understanding of the 
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CubeSat’s temperature response in its orbital environment, a more tailored approach to 

the thermal analysis was sought. From this need, the motivation for COTAP was derived. 

For this project, thermal analysis of the PATCOOL CubeSat’s primary structural 

component was performed using both COTAP and Thermal Desktop. This analysis was 

performed both to compare the results of COTAP to validate its effectiveness versus an 

industry-standard thermal analysis capability, and to achieve an understanding of the 

temperature response of the PATCOOL CubeSat’s primary structure during its mission.  

1.4.2 Applicability 

In its first incarnation, COTAP shall be applicable to CubeSats in LEO that 

maintain a nadir-pointing configuration, meaning that one of the CubeSat faces is 

oriented normal to the direction of the local gravity vector. The CubeSat must have the 

shape of a regular rectangular prism, and the optical properties of its faces, including 

absorptivity and emissivity, shall be constant and shall have no specular dependence. 

Section 2.2.2 elaborates upon optical properties in the context of thermal analysis.  

Future improvements to COTAP shall expand its applicability to include 

CubeSats in orbits above LEO, such as those in geosynchronous equatorial orbits (GEO). 

Furthermore, other features to be subsequently incorporated into COTAP include the 

ability to accommodate CubeSats of varying geometries, as well as CubeSat missions 

with variable attitude over time. Additionally, a dedicated user-interface shall also be 

developed for COTAP as a future effort to improve its ease of use. In terms of thermal 

properties, a future iteration of COTAP shall also include accommodations for different 

thermal-optical properties across a given face to represent areas of different materials, as 

well as accommodations for spectral dependence of thermal-optical properties. 
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CHAPTER 2 

2. REVIEW OF PERTINENT SUBJECT MATTER 

2.1 Astrodynamics 

Astrodynamics can be defined as the study of the motion of satellites in space 

subject to naturally- and artificially-induced forces [14]. Astrodynamics falls into a 

broader area of study known as celestial mechanics, which describes the dynamics of 

massive bodies in space with respect to one another as a result of their respective 

gravitational influences on one another. Astrodynamics is a crucial aspect in the design of 

satellite missions, and as such a fundamental understanding of the topic is paramount for 

the space mission designer to have. 

2.1.1 Fundamentals of Astrodynamics 

From a mathematical standpoint, the fundamental bases upon which 

astrodynamics lies include the geometry of conic sections, and the inverse-squared 

gravitational force between massive bodies, the former being a consequence of the latter 

[14]. In the 17th century, Johannes Kepler, a German astronomer, described three 

fundamental laws that govern the orbital motion of planets about the sun. Kepler’s three 

laws are as follows [14]: 

1. The orbit of each planet is an ellipse, with the Sun at one focus. 

2. The line joining the planet to the Sun sweeps out equal areas in equal times. 

3. The square of the orbital period of a planet is proportional to the curve of its mean 

distance to the Sun. 

Likewise, in the 17th century, Isaac Newton, an English mathematician and 

physicist, established the Law of Universal Gravitation, which described the inverse 

squared behavior of gravity, as well as mathematically explained the elliptical nature of 

orbits. This law can be expressed as follows (expressed both as a vector and as a scalar): 
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𝐹𝑔⃑⃑  ⃑ = −
𝐺𝑀𝑚

𝑟2

�̂�

|�̂�|
= −

𝐺𝑀𝑚

𝑟3
�̂� 

(2-1) 

|𝐹𝑔⃑⃑  ⃑| = 𝐹𝑔 = −
𝐺𝑀𝑚

𝑟2
 

(2-2) 

Where 𝐺 is the universal gravitational constant (𝐺 = 6.67 × 10−11 𝑚3

𝑘𝑔∙𝑠3
), 𝑀 is the mass 

of the Earth or of another central planet or celestial body, 𝑚 is the mass of the satellite, 𝑟 

is the distance between the centers of mass of the planet and the satellite, and �̂� is the 

direction unit vector connecting the respective centers of mass [15].  

Through the work of Kepler, Newton, and other early astronomers, this formal 

mathematical explanation of the motion of massive bodies in space was developed. In the 

form presented above, this mathematical construct is known as the two-body problem, 

where the force between two massive bodies with a mutual gravitational attraction 

between them is described. In developing this mathematical construct, the following 

assumption are applied to the system of two massive bodies [14]: 

1. The mass of the satellite is negligible compared to that of the attracting body (planet). 

2. The coordinate system chosen for a given problem is inertial 

3. The bodies of the satellite and the attracting body are spherically symmetrical with 

uniform density, thus allowing them to be treated as point masses. 

4. No other forces act on the system except for gravitational forces that act along a line 

joining the centers of the two bodies. 

An orbit defined by applying these assumptions is referred to as a Keplerian orbit.  

Considering Equation 2-1, the fundamental equation governing the two-body 

problem may be derived. This force term describes the force of mutual attraction between 

a satellite and the planet it orbits, and consequently the acceleration of the planet and the 

acceleration of the satellite resulting from this force may be derived by dividing the 

equation by the opposite mass term as follows: 
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𝑎 𝑝
𝐼 = −

𝐺𝑚

𝑟3
�̂� 

(2-3) 

𝑎 𝑠
𝐼 = −

𝐺𝑀

𝑟3
�̂� 

(2-4) 

In this expression, the superscript 𝐼 indicates that the vector is expressed in terms of an 

inertial reference frame; this topic shall be discussed later in this section.  

The inertial acceleration of the satellite with respect to the plane can be described 

as follows: 

𝑎 𝑠
𝐼 − 𝑎 𝑝

𝐼 = 𝑎 𝐼 = −
𝐺(𝑀 + 𝑚)

𝑟3
�̂� = −

𝜇

𝑟3
�̂� 

(2-5) 

Where 𝜇, known as the gravitational parameter, is a constant intrinsic to a given two-

body orbital system. This is the governing equation for the two-body problem applied to 

astrodynamics. 

One contextual topic of importance in astrodynamics is that of reference frames 

and coordinate systems. In simple terms for the purposes of this work, a reference frame 

may be any collection of at least three non-collinear points that move in three-

dimensional Euclidean space, so long as the distance between every pair of points is 

rigidly enforced at all times [16]. A reference frame may be described as inertial or non-

inertial. A reference frame is inertial if it is always fixed in space, or at most, translating 

with respect to another fixed set of points in space at a constant rate. Conversely, a non-

inertial reference frame is one that accelerates in time. After defining a reference frame, a 

coordinate system must be defined. A coordinate system is a means through which 

measurements in three-dimensional Euclidian space may be established, and it is 

comprised of an origin fixed in a reference frame, and a set of three mutually-orthogonal 

direction vectors [16].  
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In the study of astrodynamics there are many types of coordinate systems which 

are applicable to a wide range of purposes. For this work, three coordinate systems will 

primarily be applied: Earth-centered inertial (ECI), perifocal, and spacecraft body-fixed 

(SBF) coordinate systems. An ECI coordinate system is one whose origin is located at the 

center of the Earth, and whose direction vectors (hereafter referred to as �̂�𝐸𝐶𝐼, �̂�𝐸𝐶𝐼, and 

�̂�𝐸𝐶𝐼) are defined as follows [15]: 

 �̂�𝐸𝐶𝐼: the unit direction pointing from the Earth to the sun on the first day of 

spring, otherwise known as the vernal equinox. On this day, the �̂�𝐸𝐶𝐼 vector is 

said to point towards a point referred to as the First Point of Aires. 

 �̂�𝐸𝐶𝐼: the unit direction vector pointing from Earth’s center towards Earth’s 

geographic north pole. 

 �̂�𝐸𝐶𝐼: the unit vector defined as the cross product of �̂�𝐸𝐶𝐼 and �̂�𝐸𝐶𝐼 

The ECI coordinate system is used in COTAP to describe the position and inertial 

velocity of the CubeSat in its orbit at any given time. 

A perifocal coordinate system is defined based on the orbit of one body around 

another body. The origin of this coordinate system is defined at the focus of the orbit, 

which in the case of a satellite in orbit around the Earth, the origin of the perifocal 

coordinate system is located nearly exactly at the center of the Earth. The direction 

vectors of this coordinate system are defined as follows: 

 �̂�𝑃: the unit direction pointing towards the orbit periapsis. 

 �̂�𝑃: the unit direction vector pointing from Earth’s center towards the orbit pole. 

 �̂�𝑃: the unit vector defined as the cross product of �̂�𝑃 and �̂�𝑃 

The perifocal coordinate system is used in COTAP when defining the orbit properties, 

including the position and velocity of the CubeSat, as well as the Keplerian orbital 

elements, which are discussed later in this section.  
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An SBF coordinate system can be used in the application of space mission 

geometry, which is discussed in Section 2.1.3. Future improvements to COTAP will 

allow for definition of the satellite’s orientation in three-dimensional Euclidian space, or 

attitude, to be established by describing the orientation of the SBF basis in the units of the 

ECI basis. One basic means of defining an SBF basis is as follows: 

 �̂�𝑆𝐵𝐹: the unit direction vector pointing out of the top of the CubeSat towards the 

local zenith direction. 

 �̂�𝑆𝐵𝐹: the unit vector in the same direction as the orbit pole. 

 �̂�𝑆𝐵𝐹: the unit vector defined as the cross product of �̂�𝑃 and �̂�𝑃 

A Keplerian orbit can be described by a set of parameters known as orbital 

elements, which fully define the size, shape, and orientation of a given orbit in space. The 

rigorous mathematical derivation of these parameters exceeds the scope of this contextual 

introduction, and the reader is referred to applicable literature by Vallado and McClain 

for the derivation of the orbital elements [14]. However, before defining the Keplerian 

orbital elements, other properties of Keplerian orbits must first be described to provide 

the necessary context to define the orbital elements. For the purpose of describing 

Keplerian orbits within the scope of this thesis, an arbitrary elliptical orbit shall be 

considered. As previously declared by Johannes Kepler, the orbit of one body about 

another is defined by an ellipse, with the more massive body located at one of the foci of 

the ellipse, for all intents and purposes. The line connecting the two foci of the orbit, if 

extended in both directions to meet the perimeter of the ellipse, is known as the major 

axis. The major axis can be subdivided into the periapsis radius (𝑟𝑝) and the apoapsis 

radius (𝑟𝑎), which describe the minimum and maximum distances from the orbit center to 

the perimeter along the major axis respectively (2𝑎). Figure 2-1 demonstrates an 

arbitrary elliptical Keplerian orbit and its geometric properties.  
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Figure 2-1.  Fundamental geometric properties of an elliptical Keplerian orbit. 

 

With this supplemental geometric context in mind, the Keplerian orbital elements 

may be expressed in words as follows, and a graphical representation of the orbital 

elements is provided in Figure 2-2 [15],[17]: 

 Semi-major axis (𝑎): a constant that describes the size of the orbit. The semi-

major axis is half of the major axis. 

 Eccentricity (𝑒): a constant intrinsic to conic sections that correspondingly that 

describes the shape of the orbit. The eccentricity vector points from the center of 

the Earth to periapsis with a magnitude equal to the eccentricity of the orbit. 

 Inclination (𝑖): the angle between the angular momentum vector and the Z-

direction unit vector. The angular momentum vector is defined as the cross 

product of the satellite’s position and the satellite’s inertial velocity vectors and is 

therefore normal to the orbit plane in a positive right-hand rotation direction. 

 Right ascension of the ascending node (Ω): the angle from the vernal equinox to 

the ascending node. The ascending node is the point where the satellite passes 

through the equatorial plane moving from south to north. Right ascension is 

measured as a right-hand rotation about the pole, Z. 

 Argument of the periapsis (𝜔): the angle from the ascending node to the 

eccentricity vector measured in the direction of the satellite’s motion.  

 True anomaly (𝜈): the angle from the eccentricity vector to the satellite position 

vector, measured in the direction of satellite motion. 
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Figure 2-2. Keplerian orbital elements. 

 

2.1.2 Orbital Perturbations 

The idealized Keplerian model of astrodynamics is not realistically achievable for 

a true system of massive bodies. Variations in properties such as the mass and geometry 

of the respective bodies, as well as other influences such as externally-applied forces, 

result in deviations from the ideal Keplerian behavior. For satellites in orbit around the 

Earth, there exists a complex environment of external influences which result in any orbit 

deviating measurably over time from an idealized Keplerian orbit. These influences are 

known as orbital perturbations. For satellites in LEO, the primary orbital perturbations 

include atmospheric drag, Earth-gravitational perturbations, solar radiation pressure, and 

third-body gravitational perturbations. For the purposes of this thesis, only atmospheric 

drag and Earth-gravitational perturbations shall be considered in-depth. Likewise, these 

are the perturbations that were included in the current incarnation of COTAP. 

𝑒  
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Although approximately 99.9999% of the air in Earth’s atmosphere exists below 

the commonly-accepted “limit” of space at 100 𝑘𝑚 altitude, the sparse gas at and, to 

some extent, above this altitude nevertheless induce perturbing drag on satellites in Earth 

orbit [15]. Primarily, aerodynamic perturbations reduce the lifetime of satellites in orbit 

around Earth by inducing drag-related losses and thus reducing the speed of the satellite 

over time. This reduction in speed results in a net decay of the orbit, or a net decrease in 

the satellite’s altitude. Since the atmospheric density decreases with increased altitude, a 

satellite in orbit around the Earth experiences greater drag as it orbits at successively 

lower altitude. This principle results in an exponential decay of the orbital altitude and 

causes a more significant reduction of apoapsis altitude than periapsis altitude. This latter 

effect results in elliptical orbits being circularized as they decay [15]. 

The geometry and mass distribution of Earth also affect the trajectories of Earth-

orbiting satellites. Due partially to its rotation, the Earth is not a perfect sphere, but rather 

can be described as an oblate spheroid with a slight bulge around the equatorial latitudes 

resulting from centrifugal effects. Due to this non-spherical mass distribution, there exist 

certain zonal harmonics of the Earth. These harmonics are non-dimensional numbers that 

have been empirically discerned from observations of the motions of satellites that orbit 

around the Earth. Of these zonal harmonics, the first value, referred to as 𝐽2, dominates 

this effect. This zonal harmonic perturbation results in a gravity field that varies as a 

function of latitude and longitude, rather than being uniform. Earth’s gravitational 

perturbations primarily affect the right ascension of the ascending node and the periapsis 

of a given orbit, causing them to deviate secularly by up to several degrees per day [15]. 
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2.1.3 Space Mission Geometry 

Space mission geometry refers to the relative apparent position and motion of 

celestial objects as seen by the satellite in orbit [4]. Space mission geometry is applied for 

purposes such as target pointing or interpreting the views of a satellite’s faces or 

instrumentation. In applying space mission geometry, a coordinate system must first be 

selected which serves as a spatial basis to which all other measurements are made. This 

selection is defined by assigning the center of the desired coordinate system and by 

determining another coordinate system that the desired coordinate system is fixed with 

respect to. Space mission geometry may then be applied to perform applicable analyses.  

One common coordinate system to use for purposes such as solar lighting is a 

satellite body-fixed (SBF) coordinate system. This coordinate system is represented by 

three mutually-orthogonal axes that are defined with respect to the satellite itself [4]. In 

other words, as the satellite changes orientation with respect to the Earth, sun, or other 

bodies in space, the SBF coordinate system moves exactly along with the satellite. To 

further illustrate this notion with an example, a satellite could have a body-fixed y-axis 

defined along a solar panel array, a z-axis defined along an antenna, and the x-axis 

defined as the cross product of the y-axis with the z-axis.   

Once an appropriate coordinate system has been defined, a celestial sphere may 

be applied to provide a basis for representing direction in space to other objects. The 

celestial sphere is an imaginary sphere centered about the observer (the satellite) with a 

radius of unity that serves as a backdrop to represent directions in space as points on the 

surface of the sphere [4]. Distances between points on the celestial sphere are described 

by principles of spherical geometry, the rigorous explanation of which exceeds the scope 

of this introductory discussion. For a more comprehensive discussion on spherical 
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geometry, the reader is referred to applicable literature by Larson and Wertz [4]. With a 

basis of spherical geometry and the concept of the celestial sphere, space mission 

geometry may be applied to describe the sun angle geometry pertinent to the various 

faces of a given satellite, which is used to determine the incident solar radiation upon a 

given face of the satellite.  

2.1.4 Orbital-Thermal Environment 

For objects in orbit around the Earth, such as artificial satellites, there exists an 

intrinsic thermal environment that imposes corresponding thermal loads upon the 

satellite. These thermal loads can be delineated by their directionality with respect to the 

satellite, being either outgoing from the satellite or incoming to the satellite. Further, the 

incoming thermal loads are subdivided into three distinct types of thermal loads. These 

incoming thermal loads include direct solar radiation incident upon the satellite, infrared 

radiation emitted by the Earth and incident upon the satellite, and solar radiation reflected 

by the Earth and incident upon the satellite, otherwise known as albedo. The outgoing 

thermal energy takes the form of radiation from the satellite’s external surfaces to either 

the Earth or into deep space [4]. The fundamentals of radiation heat transfer shall be 

discussed at greater length in Section 2.2.2.  

The thermal loads experienced by satellites in orbit around the Earth are variable 

throughout a given orbit as well as throughout the year. For example, a satellite in orbit 

around the Earth experiences solar radiation and albedo heat loads during the sun-lit 

portion of a given orbit but does not experience these loads during the full-eclipse portion 

of a given orbit. Conversely, a satellite experiences infrared radiation from the Earth 

throughout the entire duration of the orbit, albeit more pronounced when the satellite is 

over sunlit and intrinsically warmer portions of the Earth’s surface.  
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Regarding long-term variations in thermal loading, the intensity of direct solar 

and albedo radiation is greatest when Earth is closest to the sun, or at Earth’s periapsis. 

Conversely, the intensity of direct solar and albedo radiation is lowest when Earth is 

furthest from the sun, or at Earth’s apoapsis. The variations in the minimum and 

maximum values of the solar radiation are appreciable; specifically, the intensity of direct 

solar radiation in an Earth-centric orbit, represented as a heat flux value, fluctuates 

between 1414 
𝑊

𝑚2
 and 1322 

𝑊

𝑚2
  at the maximum and minimum, respectively. As a result, 

this value is often averaged to 1367 
𝑊

𝑚2 for any given time of the Earth’s orbit around the 

sun [4]. These variations must be accounted for to develop an accurate model of the 

thermal environment encountered by satellites in Earth-based orbits.  

Nevertheless, the orbital-thermal environment experienced by satellites in orbit 

around the Earth is complex and dynamic, and thus some approximations may simplify 

the development of a corresponding model. For example, while the instantaneous 

intensity of Earth-emitted infrared radiation and Earth’s albedo radiation incident upon a 

satellite depends on many factors, such as the local could and ice coverage, simpler yet 

nonetheless satisfactory approximations for the magnitude of these thermal loads may be 

achieved by establishing a simple relationship between the radiative intensity, the angle 

of the sun out of the orbit plane, and the inclination of the orbit. Table 2-1 below 

illustrates this relationship [4]. Another approximation applied to the modeling of Earth’s 

orbital-thermal environment is that the infrared radiation exchange between the Earth and 

the satellite can be initially ignored when computing the heat rejection from the satellite 

into space; in other words, the satellite is assumed to have a perfect view of deep space 

for all its faces. Thereafter, the effect of the Earth-emitted infrared radiation upon the 

satellite is added back to appropriately model the thermal environment [4]. 
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Table 2-1.  Relationship between space mission geometry and orbital-thermal loads 
Orbit Inclination 

(deg) 

Angle of Sun 

Out of Orbit 

Plane (deg) 

Emitted Radiation (W/m2) Albedo (percent) 

Min Max Min Max 

0-30 0 228 275 18 28 

90 228 275 45 55 

30-60 0 218 257 23 30 

90 218 257 50 57 

60-90 0 218 244 23 30 

90 281 244 50 57 

 

2.2 Heat Transfer 

In general terms, heat transfer may be described as “thermal energy in transit due 

to a spatial temperature difference.” [18]. In other words, a temperature difference within 

a medium or between media must result in the transfer of heat. There exist three 

fundamental modes of heat transfer: conduction, convection, and radiation. For the 

purposes of this work, conduction and radiation heat transfer are of primary 

consideration, and are described in the subsequent sections. Likewise, for the purposes of 

this work, a convenient quantification for heat transfer is the concept of heat flux, or the 

heat flow per unit area, denoted 𝑞′′ and measured in the SI units of Watts per meter 

squared (
𝑊

𝑚2).  

2.2.1 Conduction Heat Transfer 

Conduction heat transfer describes the transport of energy in the form of heat 

through a medium due to a temperature gradient within the medium [18]. Fundamentally, 

the transfer of heat through conduction is caused by the interactions between individual 

particles in a medium, wherein energy from energetic particles is transferred to particles 

with comparatively lower energy. In quiescent fluids, such as liquids and gases 

undergoing no bulk motion, this transfer of energy occurs through the collisions between 
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individual particles of the fluid incurred by the particles’ random translational motion, 

internal rotational, and vibrational motion. In solids, conduction occurs through the 

transfer of energy from high-energy particles to lower-energy particles through the 

vibration of the lattice structure of the solid itself. The energy of individual particles is a 

function of the temperature of the particles, thus enforcing that the net flow of energy in 

the form of heat shall accompany a gradient of decreasing temperature in a medium [19].  

Conduction is a volumetric phenomenon, and thus its behavior can be described 

in the three-dimensional space of a given medium. A general expression for conduction 

heat transfer is Fourier’s law in three dimensions, otherwise known as the conduction rate 

equation, which is expressed as follows: 

𝑞′′ = −𝑘∇𝑇 = −𝑘 (
𝜕𝑇

𝜕𝑥
𝒊 +

𝜕𝑇

𝜕𝑦
𝒋 +

𝜕𝑇

𝜕𝑧
𝒌) 

(2-6) 

Where 𝑘 is the thermal conductivity of the medium, ∇ is the del operator in three-

dimensional space, and 𝑇(𝑥, 𝑦, 𝑧) is the three-dimensional scalar temperature field [18].  

The thermal conductivity of a medium is a property intrinsic to materials which 

describes the proportionality between the flow of heat through the medium and the 

temperature gradient present in the medium. In general, solid metals have the highest 

conductivities, followed by other solids, liquids, and then gases respectively. Figure 2-3 

demonstrates the typical ranges of thermal conductivity for various materials [19]. 

Conductivity of materials is a function of the material’s temperature, with the 

conductivity of pure metals tending to decrease as temperature in increased, while 

conductivity of gases increases with increased temperature [19].  
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Figure 2-3. Typical thermal conductivity ranges of materials classes. 

   

2.2.2 Radiation Heat Transfer 

Radiation heat transfer describes the transfer of energy between multiple material 

entities or between material entities and their surroundings by means of electromagnetic 

waves, or photons, attributed to a temperature difference between the respective entities. 

This energy, referred to as thermal energy, is emitted by all matter existing at a nonzero 

temperature, including solids surfaces and fluids [18]. As with conduction, the net 

transfer of energy through radiation is from entities of higher energy to entities of 

comparatively lower energy. Since the energy of individual particles in the entity is a 

function of temperature, the net flow of energy is correspondingly from high-temperature 

entity to comparatively lower-temperature entity [18]. Unlike in conduction, a medium is 

not required for radiation heat transfer to occur. 
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Thermal radiation can be described in terms of the origin and destination of the 

transferred energy; the thermal radiation emitted by a body per unit area is referred to as 

the emissive power, and it is described as follows:  

𝐸 = 𝜀𝜎𝑇𝑠
4 (2-7) 

Where 𝜀 is the entity’s emissivity, 𝜎 is the Stefan-Boltzmann constant (𝜎 = 5.67 ×

10−8 𝑊

𝑚2∙𝐾4
), and  𝑇𝑠 is the absolute surface temperature of the entity [18]. Conversely, the 

thermal radiation incident upon an entity per unit area is referred to as irradiation. Of the 

total irradiation incident on upon an entity, a fraction is absorbed as thermal energy. This 

behavior is described as follows: 

𝐺𝑎𝑏𝑠 = 𝛼𝐺 (2-8) 

Where 𝐺𝑎𝑏𝑠 is the absorbed irradiation, 𝛼 is the absorptivity of the entity’s surface, and 𝐺 

is the total incident irradiation. Emissivity and absorptivity are properties intrinsic to 

materials, and both lie between zero and one [18].  

In many practical engineering applications, the net radiation exchange in the form 

of heat flux between an entity and its surroundings is of interest. In these cases, both the 

incoming and outgoing radiation must be considered. This type of scenario can be 

described with the following expression: 

𝑞𝑟𝑎𝑑
′′ = 𝜀𝜎𝑇𝑠

4 − 𝛼𝐺 = 𝜀𝜎(𝑇𝑠
4 − 𝑇𝑠𝑢𝑟

4 ) (2-9) 

 

Where 𝑇𝑠𝑢𝑟 is the temperature of the external surroundings. Furthermore, in this 

expression, the absorptivity is assumed to be equal to the emissivity, which is true for 

many materials and surfaces; this is a defining property of surfaces which are 

correspondingly termed “gray.” [18]. 
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 Another important property when describing heat transfer through radiation, 

specifically that between two or more surfaces, is the view factor. The view factor is 

defined as the fraction of radiation leaving an emitting surface that is intercepted by a 

receiving surface. Since this factor represents a fraction of a total, its values lie between 

zero and one. The view factor serves as a multiplier to express a fractional total of a 

certain quantity of thermal radiation. For example, if a surface i emits thermal radiation, 

and an adjacent surface j intercepts 25% of the total radiation emitted by surface i, then a 

view factor term may be defined as follows,  

𝐹𝑖𝑗 = 0.25 (2-10) 

Furthermore the net heat flow from surface i to surface j is expressed as follows: 

𝑞𝑖𝑗 = 𝐴𝑖𝐹𝑖𝑗𝜎(𝑇𝑖
4 − 𝑇𝑗

4)  (2-11) 

Where 𝑞𝑖𝑗  is the net heat flow from surface i to surface j, 𝐴𝑖 is the total emitting area of 

surface i, 𝐹𝑖𝑗 is the view factor between surface i and surface j, and 𝑇𝑖 and 𝑇𝑗 are the 

absolute temperature of surface i and surface j [18]. Since radiation heat transfer between 

surfaces is ubiquitous in many engineering applications, such as in space systems, the 

accurate and precise calculation of view factors is often crucial to ensure the fidelity of 

the analysis.  
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CHAPTER 3 

3. DEVELOPMENT OF COMPUTATIONAL SOLVER 

COTAP is comprised of various MATLAB functions that perform distinct 

operations in the overall orbital-thermal analysis of a CubeSat. The primary 

functionalities of these separate computational components include orbit propagation, 

space mission geometry modeling, and thermal calculation. Figure 3-1 below graphically 

depicts the various MATLAB functions and their process flow. Each parent box 

represents the corresponding parent function, with the subsequent list representing the 

primary sub-functions corresponding to each parent function. 

 

 
 

Figure 3-1.  Graphical representation of COTAP functional operation flow. 

 

3.1 Orbit Propagator 

The orbit propagator function of COTAP receives as inputs the physical 

properties of the CubeSat, including mass, drag area, and drag coefficient, the initial 

Keplerian orbital elements, and additional time parameters, including total simulation 

time and desired time step size. The orbit propagator function then integrates the two-

body equation of motion over the desired simulation time accounting also for the 

perturbations induced by the atmospheric drag and the non-spherical Earth. The orbit 
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propagator also determines the apparent motion of the sun with respect to Earth over time 

as the Earth travels along its respective orbit around the sun. These computations 

generate the orbit of the CubeSat around the Earth, as well as the trace of the sun along 

the surface of the Earth. As outputs, the orbit propagator delivers the Keplerian orbital 

elements as a function of time.  

3.1.1 Determining Position and Velocity from Keplerian Orbital Elements 

The initial position and inertial velocity of the CubeSat in ECI coordinates are 

determined from the initial Keplerian orbital elements as defined by the user. To make 

this determination, a dedicated function developed for COTAP called “oe2rv” is applied. 

This function first computes the position and velocity of the CubeSat in the perifocal 

coordinate system, and subsequently computes the position and velocity in the ECI 

coordinate system. Much of the subsequent derivation was acquired from Curtis, and the 

reader is referred to this literature for further reading [15]. 

First, the magnitude of the position vector is defined such that is may then be 

expressed in the perifocal basis: 

𝑟 =  
𝑝

1 + 𝑒 cos(𝜈)
 (3-1) 

Where 𝑒 is the orbit eccentricity, 𝜈 is the true anomaly of the CubeSat, and 𝑝 is referred 

to as the semi-latus rectum, and is defined as follows: 

𝑝 =  
ℎ2

𝜇
 

(3-2) 

In this expression, ℎ is and intrinsic property of any orbit known as the specific angular 

momentum. In Equation 3-2 above, its scalar magnitude is used. The specific angular 

momentum is defined as follows: 

ℎ⃑ 𝐼 = 𝑟 × 𝑣 𝐼 (3-3) 
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Now that the magnitude of the position has been described, the position and 

velocity vectors may be expressed in the perifocal coordinates as follows: 

𝑟 𝑃 = 𝑟 cos(𝜈) �̂�𝑃 + 𝑟 sin(𝜈) �̂�𝑃 = [ 
𝑟 cos(𝜈)

𝑟 sin(𝜈)
0

 ] 
(3-4) 

𝑣 𝑃
𝐼 = √

𝜇

𝑝
[− sin(𝜈) �̂�𝑃 + (𝑒 + cos(𝜈))�̂�𝑃] = √

𝜇

𝑝
[

− sin(𝜈)

 𝑒 + cos(𝜈)
0

] 
(3-5) 

For the purpose of this work, the full derivations involved in achieving the above 

forms of the position and velocity vectors is omitted for brevity. For a detailed derivation 

of these expressions and other related information, the reader is referred to applicable 

literature by Curtis [15].  

The next task is to express the CubeSat’s position and velocity vectors in the ECI 

coordinate system. To do this, three successive coordinate transformations must be 

performed to the vectors expressed in the perifocal coordinate system. These 

transformations correspond to what is known as a 3-1-3 Euler angle sequence, where a 

rotation is performed about the “3”-axis, followed by the “1”-axis, and completed by 

another rotation about the “3”-axis. These rotations correspond to the angles Ω, 𝑖, and ω 

respectively. Each rotation is characterized by a corresponding transformation matrix 

which, when multiplied by the preceding coordinate system, yields the new rotated 

coordinate system. When the perifocal coordinate system is multiplied by the three 

successive transformation matrices, the result is the ECI coordinate system.  

The first transformation is characterized by a rotation about the “3”-axis by Ω , 

described by the following unit vector set and corresponding transformation matrix: 

�̂�𝑁 = cos(Ω) �̂�𝐸𝐶𝐼 + sin(Ω) �̂�𝐸𝐶𝐼  (3-6) 

�̂�𝑁 = − sin(Ω) �̂�𝐸𝐶𝐼 + cos(Ω) �̂�𝐸𝐶𝐼 (3-7) 
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�̂�𝑁 = �̂�𝐸𝐶𝐼 (3-8) 

𝑇𝑁
𝐸𝐶𝐼 = [ 

cos(Ω) − sin(Ω) 0 

sin(Ω) cos(Ω) 0 
0 0 1 

] 
(3-9) 

To elaborate on the functionality of this matrix, an arbitrary vector expressed in an 

intermediate coordinate system 𝑁, denoted �⃑⃑� 𝑁, can be expressed in the new coordinate 

configuration, denoted 𝑁, by multiplying by 𝑇𝑁
𝐸𝐶𝐼, as expressed below: 

�⃑⃑� 𝐸𝐶𝐼 = 𝑇𝑁
𝐸𝐶𝐼�⃑⃑� 𝑁 (3-10) 

The second transformation involves a rotation about the new “1”-axis by 𝑖, and is 

described by the following unit vector set and corresponding transformation matrix: 

�̂�𝑄 = �̂�𝑁 (3-11) 

�̂�𝑄 = cos(𝑖) �̂�𝑁 + sin(𝑖) �̂�𝑁 (3-12) 

�̂�𝑄 = − sin(𝑖) �̂�𝑁 + cos(𝑖) �̂�𝑁 (3-13) 

𝑇𝑄
𝑁 = [ 

1 0  0
0 cos(𝑖) − sin(𝑖) 

0 sin(𝑖) cos(𝑖) 
] 

(3-14) 

The final transformation involves a rotation about the new “3”-axis by 𝜔, and is 

described by the following unit vector set and corresponding transformation matrix: 

�̂�𝑃 = cos(𝜔) �̂�𝑄 + sin(𝜔) �̂�𝑄 (3-15) 

�̂�𝑃 = −sin(𝜔) �̂�𝑄 + cos(𝜔) �̂�𝑄 (3-16) 

�̂�𝑃 = �̂�𝑄 (3-17) 

𝑇𝑃
𝑄 = [ 

cos(𝜔) − sin(𝜔) 0 

sin(𝜔) cos(𝜔) 0 
0 0 1 

] 
(3-18) 

Using these three transformations, an arbitrary vector that is expressed in a 

perifocal coordinate system may be expressed in an ECI coordinate system as follows: 

�⃑⃑� 𝐸𝐶𝐼 = 𝑇𝑁
𝐸𝐶𝐼𝑇𝑄

𝑁𝑇𝑃
𝑄�⃑⃑� 𝑃 = 𝑇𝑃

𝐸𝐶𝐼�⃑⃑� 𝑃 (3-19) 
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Applying this set of transformations, the position and inertial velocity vectors may be 

expressed in the ECI coordinate system as follows: 

𝑟 𝐸𝐶𝐼 = 𝑇𝑃
𝐸𝐶𝐼𝑟 𝑃 (3-20) 

𝑣 𝐸𝐶𝐼
𝐼 = 𝑇𝑃

𝐸𝐶𝐼𝑣 𝑃
𝐼  (3-21) 

These coordinate transformations can be visualized as three separate rotations of 

the coordinate system about one of the coordinate exes. The three transformations 

described above are symbolically represented below in Figure 3-3. Note that the angles 

by which the coordinate systems are rotated are the Keplerian orbital elements. 

 

A B C  

 

Figure 3-2. Coordinate transformations between the perifocal and ECI coordinate 

systems. 

 

3.1.2 Propagating the Orbit 

Once the initial position and inertial velocity of the CubeSat are computed, the 

orbit is propagated over the user-specified time span. To perform this task, the initial state 

is defined as a vector made up of the initial position and inertial velocity expressed in the 

ECI coordinate system. Other pertinent values are the user-defined time span, the user-

defined time step, and miscellaneous integration options. To propagate the orbit, the 

built-in MATLAB differential equation solving function “ode113” is employed. This 

function receives as inputs the differential equation itself, the time span, the initial 

condition, and any miscellaneous options. As outputs, the solver delivers an array of time 
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values and a corresponding state derivative comprised of the CubeSat’s inertial velocity 

and inertial acceleration expressed in the ECI coordinate system. 

In COTAP, the differential equation integrated for orbit propagation is the 

combined state of inertial velocity and inertial acceleration expressed in the ECI 

coordinate system, and COTAP includes a dedicated function called “OrbitStateDer” to 

compute and compile this variable. The inertial velocity is acquired from the previous 

time step, and the acceleration is the superposition of the two-body acceleration 

expressed in Equation 1-5 and the perturbing acceleration effects from atmospheric drag 

and the non-spherical Earth. This composite acceleration is expressed as follows: 

𝑎 𝑡𝑜𝑡𝑎𝑙
𝐼 = 𝑎 𝐼 + 𝑎 𝑑𝑟𝑎𝑔

𝐼 + 𝑎 𝐽2
𝐼  (3-22) 

Where 𝑎 𝑡𝑜𝑡𝑎𝑙
𝐼  is the CubeSat’s net inertial acceleration and 𝑎 𝐼 is the two-body 

acceleration. 𝑎 𝑑𝑟𝑎𝑔
𝐼  and 𝑎 𝐽2

𝐼  are the perturbing accelerations due to atmospheric drag and 

the non-spherical Earth, respectively. These perturbing accelerations are defined as 

follows: 

𝑎 𝑑𝑟𝑎𝑔
𝐼 = −

𝜌𝐶𝐷𝐴𝑣𝑟𝑒𝑙
2

2𝑚
�̂�𝑟𝑒𝑙 

(3-23) 

𝑎 𝐽2
𝐼 = 

3

2

𝐽2𝜇𝑅2

𝑟4
[
𝑥

𝑟
(5

𝑧2

𝑟2
− 1) �̂�𝐸𝐶𝐼 +

𝑦

𝑟
(5

𝑧2

𝑟2
− 1) �̂�𝐸𝐶𝐼 +

𝑧

𝑟
(5

𝑧2

𝑟2
− 3) �̂�𝐸𝐶𝐼] 

(3-24) 

In Equation 3-23 𝜌 is the local air density, 𝐶𝐷 is the CubeSat’s drag coefficient, 𝐴 is the 

CubeSat’s drag ram area, 𝑚 is the CubeSat’s mass, and 𝑣𝑟𝑒𝑙 is the relative speed of the 

CubeSat with respect to Earth’s atmosphere. This value assumes that the Earth’s 

atmosphere rotates with the Earth. In Equation 3-24, 𝐽2 is the zonal harmonic, 𝜇 is the 

gravitational parameter, 𝑅 is the Earth’s average equatorial radius, 𝑟 is the magnitude of 

the CubeSat’s position vector in the ECI coordinate system, and 𝑥, 𝑦, and 𝑧 are the 

corresponding components of the CubeSat’s position vector.  
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3.1.3 Determining Keplerian Orbital Elements from Position and Velocity  

Once the entire orbital path has been propagated and a time-dependent set of 

position and inertial velocity points are attained, it is straight forward to determine the 

CubeSat’s Keplerian orbital elements for each time step of the propagated orbit. 

Determining the Keplerian orbital elements is useful to compare the results of the 

COTAP orbit propagator against a separate high-fidelity orbit propagator to validate its 

performance. This validation procedure is presented in Section 4.1. 

The eccentricity of the orbit may be solved as follows, first as a vector and then as 

a scalar value: 

𝑒 =
𝑣 𝐼 × ℎ⃑ 𝐼

𝜇
−

𝑟 

𝑟
 

(3-25) 

𝑒 = ‖𝑒 ‖ (3-26) 

Next the semi-major axis of the CubeSat’s orbit is determined as follows: 

𝑎 =  
𝑝

1 − 𝑒2
 (3-27) 

The right ascension of the ascending node may then be computed from the ECI 

basis directions and the line of nodes. The line of nodes is defined as follows: 

�⃑� = �̂�𝐸𝐶𝐼 × ℎ⃑ 𝐼 (3-28) 

With this definition of the line of node, the right ascension of the ascending node 

is then computed as follows: 

Ω = tan−1 (
−�⃑� ∙ �̂�𝐸𝐶𝐼

−�⃑� ∙ �̂�𝐸𝐶𝐼

) + 𝜋 
(3-29) 

To compute the orbit inclination, an intermediate vector �⃑�  must first be defined as 

follows: 

�⃑� = ℎ⃑ 𝐼 − ℎ𝑧�̂�𝐸𝐶𝐼 (3-30) 

The orbit inclination may then be computed as follows: 
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𝑖 = tan−1 (
ℎ⃑ 𝐼 ∙ �⃑� 

𝑏ℎ⃑ 𝐼 ∙ �̂�𝐸𝐶𝐼

) 
(3-31) 

Next the argument of the periapsis is computed as follows: 

𝜔 = tan−1 (
−𝑒 ∙ [ℎ⃑ 𝐼 × �⃑� ]

ℎ[𝑒 ∙ �⃑� ]
) + 𝜋 

(3-32) 

Finally, the CubeSat’s true anomaly is computed as follows: 

𝜈 = tan−1 (
−𝑟 ∙ [ℎ⃑ 𝐼 × 𝑒 ]

ℎ[𝑟 ∙ 𝑒 ]
) + 𝜋 

(3-33) 

A dedicated MATLAB function, named “rv2oe,” was developed for COTAP 

which performs all the above calculations to yield the Keplerian orbital elements of the 

CubeSat’s orbit.  

3.1.4 Determining the Sun’s Apparent Position 

Before the heat flux upon the CubeSat can be computed, the Sun’s apparent 

position with respect to the Earth must be known. In COTAP, the Sun’s position is 

determined in the ECI coordinate system. A dedicated MATLAB function, named 

“SunPosition,” was developed for COTAP which performs all the computations pertinent 

to the Sun’s apparent position. Much of the subsequent derivation was acquired from 

pertinent literature by Vallado, and the reader is referred to this literature for further 

reading [14]. 

The Sun’s apparent position with respect to the Earth can be represented by a 

vector in the ECI coordinate system, known as the Sun Position Vector. The first 

parameter necessary to compute the Sun Position Vector is the number of Julian centuries 

from the applicable epoch, which is represented as 𝑇𝑈𝑇𝐼. The epoch applicable to this 

work is the J2000 epoch. Literature by Vallado includes a more detailed description of 

epochs and of the J2000 epoch, and the reader is referred to this literature for further 
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reading [14]. Once the number of Julian centuries from the epoch is determined, the mean 

longitude of the sun may be computed as follows: 

𝜆𝑀 = 280.4606184° + 36000.77005361𝑇𝑈𝑇𝐼 (3-34) 

Next, the mean anomaly of the sun is computed as follows: 

𝑀𝑀 = 357.5277233° + 35999.05034𝑇𝑈𝑇𝐼 (3-35) 

𝜆𝑀 and 𝑀𝑀 must be restricted to lie between 0 and 360 degrees.  

Next the solar ecliptic longitude and latitude are computed as follows: 

𝜆𝑒 = 𝜆𝑀 + 1.914666471° sin(𝑀𝑀) + 0.019994643 sin(2𝑀𝑀) (3-36) 

𝜙𝑒 ≈ 0° (3-37) 

Note that while the solar ecliptic latitude is not exactly zero degrees and indeed changes 

over time, it never exceeds 0.000333°, and thus it may be approximated to zero [14]. 

Next the obliquity of the ecliptic is computed as follows: 

𝜀 = 23.439291° − 0.0130042𝑇𝑈𝑇𝐼 (3-38) 

Finally, the Sun Position Vector is computed as follows: 

𝑟 𝑆𝑃𝑉 = 𝑅 cos(𝜆𝑒)�̂�𝐸𝐶𝐼 + 𝑅 cos(𝜀) sin(𝜆𝑒) �̂�𝐸𝐶𝐼 + 𝑅 sin(𝜀) sin(𝜆𝑒)�̂�𝐸𝐶𝐼 (3-39) 

In this expression, 𝑅 is the mean equatorial radius of the Earth. This radius is used so that 

the trace of the Sun’s apparent motion may be tracked along a graphical model of the 

Earth for the purpose of visualization. 

The orbit propagator functionality also generates a plot of the scenario 

superimposed onto a model of the Earth. The CubeSat’s orbit path is represented as a 

continuous time-dependent trace. The motion of the sun is also plotted across the Earth as 

the apparent position of the sun changes over time from the perspective of Earth. The 

figures below demonstrate a scenario consisting of a CubeSat’s orbit that coincides with 

that of the International Space Station (ISS). Figure 3-3 demonstrates the scenario after a 
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total duration of one hour, which is less than that of a full orbit. Figure 3-4 demonstrates 

the scenario after a duration of ten days to illustrate the effects of the perturbations on the 

CubeSat’s orbit. Figure 3-5 demonstrates the change in apparent position of the sun with 

respect to the Earth after the ten-day duration. The start time and date for this orbit was 

set to 00:00:00, January 7th 2020. 

 

 
 

Figure 3-3.  Orbit propagated in COTAP for one period and plotted over Earth. 
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Figure 3-4.  Orbit propagated in COTAP for ten days and plotted over Earth. 

 

 
 

Figure 3-5. Detail of the Sun’s motion propagated in COTAP over ten days. 
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3.2 Geometry Modeler 

The geometry modeler function calculates the parameters pertinent to the orbit’s 

space mission geometry as described in Section 2.1.3. These calculations establish the 

geometric configuration from which the effects of the orbital-thermal environment on the 

CubeSat may be established.  

3.2.1 Determining the Distance from the Earth to the Sun 

First the distance from the Earth to the Sun is computed by applying a function 

called “EarthSunDistance,” which was developed for COTAP. Determining this distance, 

which is a function of the time of the year that the orbit occupies, allows for a more 

accurate computation of the true thermal flux incident upon the CubeSat as opposed to 

applying a year-long average, as described in Section 2.1.4. This function receives as an 

input the instantaneous date, expressed in Julian time, and delivers as an output the 

distance magnitude in 𝑘𝑚. First several properties of the Earth’s orbit are defined, 

including the semi-major axis, the eccentricity, and the period. Computation of the Earth-

Sun distance also applies parameters in reference to the J2000 epoch, specifically the 

mean longitude, denoted 𝐿2000, and the longitude of the perihelion, denoted 𝑝2000 [20], 

[21]. For reference, the J2000 epoch is elaborated upon in greater depth in literature by 

Vallado [14]. 

First the days since the reference day, January 1, 2000, are determined as follows: 

𝑑 = 𝑗𝑑 − 𝑗𝑑0 (3-40) 

Next the Earth’s mean daily motion is computed as follows: 

𝑛𝐸 =
180

𝜋

86400

𝑇𝐸

 
(3-40) 

Where 𝑇𝐸 is the period of Earth’s orbit around the sun, expressed as follows: 
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𝑇𝐸 = √
𝑎𝐸

3

𝜇
 

(3-41) 

The Earth’s current mean anomaly, which is constrained to lie within 0 to 360 

degrees, can then be computed as follows: 

𝑀𝐸 = 𝑛𝐸𝑑 + 𝐿2000 − 𝑝2000 (3-42) 

A simplified version of the equation of the center can then be applied to compute 

Earth’s instantaneous true anomaly as follows [22]: 

𝜈𝐸 = 𝑀𝐸 +
180

𝜋
(2𝑒𝐸 −

1

4
𝑒𝐸

3 +
5

96
𝑒𝐸

5 −
107

4608
𝑒𝐸

7) sin(𝑀𝐸) 
(3-43) 

Now applying the Earth’s semi-major axis, eccentricity, and true anomaly 

expressed in radians, the magnitude of distance from the Earth to the sun is computed as 

follows [23]: 

𝑟𝐸𝑆 =
𝑎𝐸(1 − 𝑒𝐸

2)

1 + 𝑒𝐸 cos(𝜈𝐸)
 

(3-44) 

Using the instantaneous distance from the Earth to the Sun, the intensity of the 

thermal heat flux incident upon the CubeSat may be determined by using one of the 

extrema as a reference point and applying the inverse square law, which describes how 

the intensity of the Sun’s radiant energy declines as a function of distance from the Sun’s 

surface [24]. Applying this principle, the intensity of the solar heat flux is computed as 

follows: 

𝐾 = 𝐾𝑚𝑖𝑛

𝑟𝐸𝑆,𝑚𝑎𝑥
2

𝑟𝐸𝑆
2

 
(3-45) 

Where 𝐾𝑚𝑖𝑛 is the minimum solar heat flux incident upon the Earth when the 

Earth is at aphelion, or its furthest point from the Sun, at a distance of 𝑟𝐸𝑆,𝑚𝑎𝑥. 
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3.2.2 Computing Incident Thermal Loads upon CubeSat 

The next step in determining the mission geometry is to establish the thermal 

loads experienced by the faces of the CubeSat. This process involves numerous 

calculations and can be separated into three main objectives: calculation of the incident 

direct solar flux, calculation of the incident albedo radiation, and calculation of the 

incident infrared radiation upon a given face of the CubeSat.  

3.3 Thermal Calculator 

The thermal calculator function makes use of functionalities built into the 

MATLAB Partial Differential Equation Toolbox to conduct the thermal analysis on the 

CubeSat. The primary function used in the thermal analysis receives as an input a time 

series of total heat flux values for each of the six sides of the CubeSat as determined by 

the orbit propagator and geometry modeler. As a final product, the thermal calculator 

outputs the temperature distribution for the simulated component as a function of time. 

3.3.1 Importing and Preparing CubeSat Geometry 

The first step in conducting a thermal analysis on a simplified model of a CubeSat 

using COTAP is to create a partial differential equation (PDE) model for the thermal 

analysis.  This is performed using the MATLAB built-in function “createpde.” The inputs 

to the function are set to “thermal” and “transient” respectively. This signifies that a time-

dependent thermal PDE is to be created. Once the PDE has been created, a .STL file of 

the CubeSat structure geometry is imported into MATLAB. To import the geometry, the 

MATLAB built-in function “importGeometry” is used, with the two inputs being the 

user-specified name of the thermal PDE, and the file name of the CubeSat geometry 

component.  
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Once the geometry has been loaded into the thermal PDE, a mesh must be 

generated onto the geometry, using the built-in “generateMesh” function, which 

establishes the framework upon the geometry by which the solver can compute the 

transient temperature distribution. The user may control the fineness of the mesh by 

enforcing minimum and maximum element edge sizes. 

After creating the thermal PDE, importing the CubeSat geometry, and generating 

the finite element mesh, the geometry and its respective mesh may be visualized. Figure 

3-6 and Figure 3-7 demonstrate the imported geometry and its accompanying mesh, 

respectively. Note that the geometry imported for this illustration is the primary structural 

component for the PATCOOL CubeSat. 

 
 

Figure 3-6. PATCOOL structure geometry imported into MATLAB. 
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Figure 3-7. Finite element mesh applied to PATCOOL structure. 

 

Note furthermore the labels appended to the CubeSat geometry; these labels use F 

to signify faces of the geometry, and C to signify cells, or bodies. For this example, the 

long sides of the PATCOOL structure measure 0.3 𝑚 and the short sides measure 0.1 𝑚. 

3.3.2 Preparing and Conducting Thermal Analysis 

After importing and preparing the CubeSat geometry, the properties and 

conditions of the thermal analysis must be specified. In COTAP, the material properties 

of the CubeSat material are defined first for this portion of the thermal analysis. The 

material properties of interest include thermal conductivity, the mass density, the specific 

heat capacity, the surface absorptivity, and the surface emissivity. Table 3-1 presents the 

materials properties used for this example, which pertain to black-anodized aluminum 

6061 [25], [26]. Hereafter, the CubeSat initial temperature is defined, as well as the time 

step duration and total orbit propagation time. 
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Table 3-1.  Pertinent thermal properties of black-anodized aluminum 6061 
Property Symbol Value Units 

Thermal conductivity 𝑘 167 𝑊

𝑚 ∙ 𝐾
 

Mass density 𝜌 2700 𝑘𝑔

𝑚3
 

Specific heat capacity 𝑐 896 𝐽

𝑘𝑔 ∙ 𝐾
 

Absorptivity 𝛼 0.88 - 
Emissivity 𝜀 0.88 - 

 

Once the material initial properties are defined, the orbit propagator function is 

applied over the user-specified duration with the user-specified time step duration. This 

action generates an 𝑛 by six matrix of heat flux values, where 𝑛 is the number of time 

steps equal to the total simulation time divided by the duration of the time step, and six is 

the number of faces on the CubeSat. Once the pertinent heat loads are determined, the 

thermal boundary conditions upon the CubeSat’s faces are defined. Six incident heat load 

boundary conditions are defined, one for each CubeSat face, using the built-in 

“thermalBC” function. Six additional boundary conditions are assigned for the radiative 

heat transfer between each of the six faces and deep space. For the radiative boundary 

conditions, the temperature of the surroundings is set to 2.725 𝐾, which corresponds to 

the representative temperature of deep space [27]. The built-in “thermalIC” function is 

then applied to specify the initial temperature of the CubeSat body. 

The thermal analysis is then initiated. After computation of the first time step, a 

new initial condition is established which corresponds to the end condition of the 

previous analysis iteration. In other words, after the initial time step is computed, the 

temperatures across the body of the CubeSat resulting from the first computed interval 

are reassigned to be the initial temperatures for the second iteration. This process is 

repeated for each subsequent iteration until 𝑛 intervals have been computed. This 
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methodology must be performed because the incident heat flux upon each face changes 

continuously with each time step, and thus new incident heat flux boundary conditions 

must be applied after the computation of each interval. 

3.3.3 Visualizing Results of Thermal Analysis 

Once the thermal analysis has concluded and the results are compiled into a 

“TransientThermalResults” object, the temperature distribution may be assessed for any 

desired time in the simulated interval. The user may then apply the “pdeplot3D” function 

to visualize the temperature distribution in the CubeSat for any desired time step. 
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CHAPTER 4 

4. VALIDATION OF COMPUTATIONAL SOLVER 

To ensure proper functionality of the various capabilities of COTAP, a series of 

validation studies were performed using well-established tools and methods. The 

validation studies investigated the fidelity of the orbit propagator and the heat transfer 

solver against industry-standard capabilities. Lastly, a more all-encompassing validation 

study was performed using COTAP’s entire functionality in comparison to Thermal 

Desktop, which is an industry-standard thermal analysis tool used for space applications. 

4.1 Orbit Propagator 

To validate the orbit propagator functionality within COTAP, a specified orbit 

was defined by its initial orbital elements and propagated for a specified duration. The 

Keplerian orbital elements were then saved to a spreadsheet file. This identical orbital 

scenario was then conducted using the High-Precision Orbit Propagator (HPOP) built 

into the multi-purpose AGI STK, applying the same perturbations and orbital 

characteristics built into COTAP. Likewise, the Keplerian orbital elements from this 

scenario were exported to a spreadsheet file. The corresponding Keplerian orbital 

elements were then compared between the two sets to assess the error between the two.  

All six of the Keplerian orbital elements were compared for three separate time 

scales: one day, three days, which is the planned operational duration of the PATCOOL 

mission, and ten days. These time scales were chosen to bound the desired actual time 

scale of the PATCOOL mission with extrema of a similar order of magnitude. The 

absolute error, percent error, and standard deviation for the Keplerian orbital elements 

were assessed, and these values are tabulated below in Table 4-1 and Table 4-2. 

Furthermore, figures demonstrating the time-dependent error in the six orbital elements 

are presented in Appendix A. 
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Table 4-1.  Orbit propagator validation error in orbital elements 
  One Day Three Days Ten Days 

Orbital 

Element 

Units Avg Error Avg 

%Error 

Avg Error Avg 

%Error 

Avg Error Avg 

%Error 

𝑎 𝑘𝑚 -0.05 -7.45E-4 -0.10 -1.44E-3 -0.29 -3.86E-3 

𝑒 − -4.22E-6 0.27 2.67E-6 0.11 -2.78E-6 -0.43 

𝑖 𝑑𝑒𝑔 -0.01 -3.29E-3 -0.02 -0.01 -0.06 -0.03 

Ω 𝑑𝑒𝑔 4.58E-3 0.01 0.02 0.05 0.07 0.17 

𝜔 𝑑𝑒𝑔 -0.04 -0.09 -0.08 -0.14 -0.20 -0.33 

𝜈 𝑑𝑒𝑔 -0.02 -0.01 0.32 0.33 1.53 1.54 

 

Table 4-2.  Orbit propagator validation orbital elements error standard deviation 
Orbital Element Units One Day Three Days Ten Days 

𝑎 𝑘𝑚 0.04 0.04 0.13 

𝑒 − 5.00E-6 5.18E-6 2.00E-5 

𝑖 𝑑𝑒𝑔 1.80E-3 5.40E-3 0.01 

Ω 𝑑𝑒𝑔 1.90E-3 4.92E-3 0.02 

𝜔 𝑑𝑒𝑔 0.26 0.27 0.80 

𝜈 𝑑𝑒𝑔 9.48 7.75 14.92 

 

Although all six Keplerian orbital elements generated by COTAP exhibit 

diverging secular variation over time in comparison to those generated by the STK 

HPOP, the error and corresponding percent error associated with these deviations are 

minor. It is noted that for the 𝑒, 𝜔, and 𝜈, the maximum absolute percent error for the ten-

day duration orbit is approximately 7%, 5%, and 20% respectively. In the case of 𝑒, the 

simulated orbit is nearly circular, meaning that 𝑒 is nearly zero. This causes extremely 

small changes in 𝑒 to manifest as comparably large percent errors. The relatively large 

variation of 𝜔 is also accounted for by the small 𝑒. Recalling from Section 2.1.1, 𝜔 is 

defined as the angle between �̂�𝐸𝐶𝐼 and the �̂� vector. As a result of the extremely low 

eccentricity, small variations in the orbit’s shape result in comparably large changes in 

the orientation of the eccentricity vector. This results in a poorly-defined 𝜔, which 

accounts for the variation. For 𝜈, large spikes are seen in the percent error plot. This is an 

artifact of how the error was calculated. The following expression was used to compute 

the percent error for 𝜈, as well as all the other Keplerian orbital elements: 
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𝜈%𝑒𝑟𝑟𝑜𝑟 = 100 (
𝜈𝐻𝑃𝑂𝑃 − 𝜈𝐶𝑂𝑇𝐴𝑃

𝜈𝐻𝑃𝑂𝑃

) (4-1) 

𝜈 is bound between 0 and 2𝜋, and thus near the transition points between each orbit, there 

are instances when the denominator in the above expression is nearly zero. This results in 

large instantaneous spikes in the percent error.  

Indeed, the percent error values for 𝑒, 𝜔, and 𝜈 oscillate around an average value 

that is smaller than the peak values. By fitting a trend line and computing the maximum 

value of the trend line, it is seen that after ten days these average error values for 𝑒, 𝜔, 

and 𝜈 are -0.43%, -0.32%, and 1.54% respectively. These errors are the maximum errors 

incurred for this test scenario, and exceed the errors incurred for the three-day case that 

applies to the PATCOOL mission. For the three-day case, the average error values at the 

end of the three-day duration for 𝑒, 𝜔, and 𝜈 are 0.11%, -0.14%, and 0.33% respectively.  

4.2 Thermal Calculator 

To validate the COTAP thermal calculator functionality, simple one-dimensional 

heat conduction analyses were performed with the built-in MATLAB tool used in 

COTAP. For these analyses, a wall thickness of 0.1 𝑚 was chosen, and the material 

properties were assigned to those of aluminum 6061 [25]. Two cases were run, the first of 

which was a steady state case where the temperature at either boundary of a wall were 

maintained at constant but dissimilar temperatures, thus enforcing a temperature gradient 

within the wall. The second case involved heat flux boundary conditions; one boundary 

was maintained thermally insulated, while the other boundary was assigned a non-zero 

heat flux. The results of these cases were assessed in comparison to the known analytical 

solutions to validate the fidelity of the MATLAB-based thermal solving capabilities. 

Figure 4-1A demonstrates the geometry used for the thermal calculator validation, and 

Figure 4-1B demonstrates the corresponding mesh applied to the geometry.  
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A  B 

 

Figure 4-1.  One-dimensional conduction validation geometry and associated mesh. A) 

Wall geometry and B) Finite element mesh. 

 

A mesh-independent study was also conducted for the two thermal calculator 

validation cases. For this study, the fineness of the mesh applied to the wall geometry 

was increased three times successively from the original mesh shown in Figure 4-1, and 

the thermal analysis for both cases was conducted for each corresponding mesh. This 

study was conducted to demonstrate the ability of the thermal solver functionality to 

converge onto a solution irrespective of the properties of the mesh. Figure 4-2A, B, C, 

and D demonstrate the meshes used for this study from least to greatest number of nodes. 

The four meshes, respectively, were composed of 112, 326, 1638, and 10111 nodes. 

 

A B C D  

 

Figure 4-2. Incremental meshes applied implemented for the mesh-independent study. A) 

112 nodes, B) 326 nodes, C) 1638 nodes, D) 10111 nodes. 
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For the first case, the temperature at one boundary of the wall was enforced to 

100𝐾 while the temperature at the other boundary of the wall was enforced to 300𝐾. A 

simplified representation of the first case is shown below in Figure 4-3. 

 

 
 

Figure 4-3. Simplified representation of the wall and thermal boundary conditions for the 

first case of the Thermal Calculator validation study. 

 

Given this simple temperature gradient, the steady state temperature distribution 

in the wall was expected to be a linear function of wall thickness according to the one-

dimensional case of Fourier’s Law as known from applicable literature [18], [19]. To 

validate the results of the COTAP thermal solver for this case, the slope of the line 

representing the spatial temperature distribution was compared to the analytical solution 

for this same value, which is defined as follows:  

𝑑𝑇

𝑑𝑥
=

∆𝑇

∆𝑥
=

300 − 100

0.1 − 0
= 2000

𝐾

𝑚
 

(4-2) 

The results of the analysis exactly match the analytic solution for all meshes. The 

temperature distribution as a function of wall thickness is shown in Figure 4-4, and the 

computed relationship between wall length and temperature for each mesh is illustrated in 

Figure 4-5A, B, C, and D. The results of this case study are compiled in Table 4-3. 
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Figure 4-4. Visualization of temperature distribution for first case of the Thermal 

Calculator validation study. 

 

A B 

C  D 

 

Figure 4-5. Computed relationship between temperature and wall thickness for the four 

meshes for first case of the Thermal Calculator validation study. A) 112 

nodes, B) 326 nodes, C) 1638 nodes, D) 10111 nodes. 

y = 2000x + 100

0

50

100

150

200

250

300

350

0 0.05 0.1

T
em

p
er

at
u
re

 (
K

)

x (m)

y = 2000x + 100

0

50

100

150

200

250

300

350

0 0.05 0.1

T
em

p
er

at
u
re

 (
K

)

x (m)

y = 2000x + 100

0

50

100

150

200

250

300

350

0 0.05 0.1

T
em

p
er

at
u
re

 (
K

)

x (m)

y = 2000x + 100

0

50

100

150

200

250

300

350

0 0.05 0.1

T
em

p
er

at
u
re

 (
K

)

x (m)



 

61 

 

Table 4-3.  Thermal calculator validation case 1 mesh-independent study 
Number of nodes ∆𝑇

∆𝑥
 

Error %Error 

112 2000 
𝐾

𝑚
 0 

𝐾

𝑚
 0% 

326 2000 
𝐾

𝑚
 0 

𝐾

𝑚
 0% 

1638 2000 
𝐾

𝑚
 0 

𝐾

𝑚
 0% 

10111 2000 
𝐾

𝑚
 0 

𝐾

𝑚
 0% 

 

For the second case in the thermal validation study, the same geometry was used, 

but instead of prescribed temperature values, unique heat flux values were prescribed to 

the boundary faces. In this case, one face was exposed to a constant finite heat flux of 

1000
𝑊

𝑚∙𝐾
, and the opposite face was thermally insulated, meaning that a heat flux of zero 

was enforced. Furthermore, an initial temperature of 𝑇0 was applied to the entire wall. A 

simplified representation of the wall and the thermal boundary conditions for the first 

case is shown below in Figure 4-6. 

 

 

 

Figure 4-6. Simplified representation of the wall and thermal boundary conditions for the 

second case of the Thermal Calculator validation study. 
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For this case, the relationship between wall length and temperature at the 𝑥 = 𝐿 

boundary was assessed. By the definition of the boundary conditions at 𝑥 = 𝐿, this 

relationship is analytically defined as follows: 

𝑑𝑇

𝑑𝑥
=

𝑞𝑥=𝐿
′′

𝑘
=

1000

167
≈ 5.99

𝐾

𝑚
 

(4-3) 

This relationship is represented by the slope the line of temperature as a function of wall 

thickness at the 𝑥 = 𝐿 boundary. The temperature distribution as a linear function of the 

wall thickness is visualized in Figure 4-7, and the computed relationship between wall 

length and temperature for each mesh is illustrated in Figure 4-8. The results of this case 

study are compiled in Table 4-4. 

 
 

Figure 4-7. Visualization of temperature distribution for second case of the Thermal 

Calculator validation study. 
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A B 

C  D 

 

Figure 4-8. Computed relationship between temperature and wall thickness for the four 

meshes for first case of the Thermal Calculator validation study. A) 112 

nodes, B) 326 nodes, C) 1638 nodes, D) 10111 nodes. 

 

 

Table 4-4.  Thermal calculator validation case 2 mesh-independent study 
Number of nodes 𝑞𝑥=𝐿

′′

𝑘
 

Error %Error 

112 5.24 
𝐾

𝑚
 0.75 

𝐾

𝑚
 12.50% 

326 5.78 
𝐾

𝑚
 0.21 

𝐾

𝑚
 3.43% 

1638 5.91 
𝐾

𝑚
 0.08 

𝐾

𝑚
 1.25% 

10111 5.94 
𝐾

𝑚
 0.05 

𝐾

𝑚
 0.72% 
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Figure 4-9A and B illustrate the solution and error convergence respectively 

achieved in the mesh-independent study of the second thermal calculator validation case. 

 

A  B 

 

Figure 4-9. Mesh-independent study results. A) Boundary condition relationship versus 

number of nodes, and B) Error versus number of nodes. 

 

4.3 Integrated Program 

To validate COTAP as an integrated system, two orbital-thermal analyses were 

performed on the body structure component of the PATCOOL CubeSat in both COTAP 

and in Thermal Desktop, and the resulting temperature distributions in the structure 

component were compared at specific times during the orbit. For both analyses, an 

unperturbed ISS orbit was propagated; however, in the first analysis, the simulated 

duration was one orbit. For the second analysis, the simulated duration was three days, 

which is the planned PATCOOL mission duration. To quantify the temperature in the 

PATCOOL structure, the average temperature was computed for the sun-pointing faces 

and the sun-opposing faces. These faces are designated: +𝑥, +𝑦, −𝑥, and – 𝑦 

respectively. This assumption is valid because of the high conductivity of aluminum 

6061, the constituent material, which maintains a nearly uniform temperature distribution 

across a given face at any given time in the simulation. 
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Several metrics of interest were identified to compare between the analysis results 

from both Thermal Desktop and COTAP; the difference between these computed values 

for these metrics from the respective results were assessed to quantify the ability of 

COTAP to achieve the same results as Thermal Desktop given the same CubeSat 

component geometry and simulation conditions. These metrics were established as the 

maximum and minimum average CubeSat face temperatures for the sun-pointing and 

sun-opposing faces for the single-orbit case, the time when these maximum and 

minimum temperatures were achieved, and finally the quasi-steady-state temperature 

achieved during the three-day simulated mission. This is defined as the average 

temperature across all faces of the CubeSat structure considering the entire three-day 

mission duration. These properties are designated as follows, respectively: 𝑇+𝑚𝑎𝑥, 𝑇+𝑚𝑖𝑛, 

𝑇−𝑚𝑎𝑥, 𝑇−𝑚𝑖𝑛, 𝑡𝑚𝑎𝑥, 𝑡𝑚𝑖𝑛, and 𝑇𝑄𝑆𝑆. 

For the first simulated case, in addition to quantifying 𝑇+𝑚𝑎𝑥, 𝑇+𝑚𝑖𝑛, 𝑇−𝑚𝑎𝑥, 

𝑇−𝑚𝑖𝑛, 𝑡𝑚𝑎𝑥, and 𝑡𝑚𝑖𝑛, for both the Thermal Desktop and COTAP results, the 

temperature distribution was also visualized using a color gradient heat map 

superimposed upon the structure component at various time steps to qualitatively 

compare that of COTAP with that of Thermal Desktop. The temperature distribution at 

𝑡 ≈ 1000𝑠, 𝑡 ≈ 1800𝑠, 𝑡 ≈ 3100𝑠, and 𝑡 ≈ 5300𝑠 after mission start in the PATCOOL 

structure as computed by Thermal Desktop and COTAP, respectively, is illustrated below 

in Figure 4-10 and Figure 4-11 respectively. It is shown that the distribution and the 

magnitude of temperature across the PATCOOL structure are nearly identical between 

the two results.  
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A B C D  

 

Figure 4-10. Temperature distribution results from Thermal Desktop. A) 𝑡 ≈ 1000𝑠, B) 

𝑡 ≈ 1800𝑠, C) 𝑡 ≈ 3100𝑠, and D) 𝑡 ≈ 5300𝑠. 

 

A B C D  

 

Figure 4-11. Temperature distribution results from COTAP. A) 𝑡 ≈ 1000𝑠, B) 𝑡 ≈
1800𝑠, C) 𝑡 ≈ 3100𝑠, and D) 𝑡 ≈ 5300𝑠. 

 

For this first simulated case, the instantaneous temperatures for the sun-pointing 

and sun-opposing faces, denoted 𝑇+ and 𝑇− respectively, were quantified and plotted as 

functions of time for both the Thermal Desktop results and the COTAP results. This data 

is shown in Figure 4-12 and Figure 4-13, respectively. Detailed views of 𝑇+𝑚𝑎𝑥, 𝑇−𝑚𝑎𝑥, 

𝑇+𝑚𝑖𝑛, and 𝑇−𝑚𝑖𝑛 were also compiled to illustrate these metrics. These values for the 

Thermal Desktop results are presented in Figure 4-14 and Figure 4-15, and the 

corresponding values for COTAP results are presented in Figure 4-16 and Figure 4-17. 
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Figure 4-12. Average sun-pointing and average sun-opposing temperatures in PATCOOL 

CubeSat structure for one orbit determined by Thermal Desktop. 

 

 
 

Figure 4-13. Average sun-pointing and average sun-opposing temperatures in PATCOOL 

CubeSat structure for one orbit determined by COTAP. 
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Figure 4-14. Maximum sun-pointing and average sun-opposing temperatures in 

PATCOOL CubeSat structure for one orbit determined by Thermal Desktop. 

 

 
 

Figure 4-15. Minimum sun-pointing and average sun-opposing temperatures in 

PATCOOL CubeSat structure for one orbit determined by Thermal Desktop. 
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Figure 4-16. Maximum sun-pointing and average sun-opposing temperatures in 

PATCOOL CubeSat structure for one orbit determined by COTAP. 

 

 
 

Figure 4-17. Minimum sun-pointing and average sun-opposing temperatures in 

PATCOOL CubeSat structure for one orbit determined by COTAP. 
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𝑇𝑄𝑆𝑆 was quantified for the three-day simulation for both Thermal Desktop and 

for COTAP. The plots for these results are presented below in Figure 4-18 and Figure 

4-19, respectively. 

 

 
 

Figure 4-18. PATCOOL structure average temperature and quasi-steady-state 

temperature determined by Thermal Desktop. 

 

 
 

Figure 4-19. PATCOOL structure average temperature and quasi-steady-state 

temperature determined by COTAP. 
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Finally, the numeric values for the metrics of interest were obtained for the 

thermal analysis performed with Thermal Desktop and with COTAP. These values, and 

the associated error and percent error, are tabulated in Table 4-5 below. The error is 

obtained as the difference between each respective value from COTAP and its 

counterpart from Thermal Desktop divided by the Thermal Desktop value. 

 

Table 4-5.  COTAP integrated program validation results 
Metric of Interest Thermal Desktop COTAP Error %Error 

𝑇+𝑚𝑎𝑥 315.20 𝐾 319.51 𝐾 4.31 𝐾 1.04% 

𝑇−𝑚𝑎𝑥 308.17 𝐾 318.20 𝐾 10.03 𝐾 2.91% 

𝑇+𝑚𝑖𝑛 229.49 𝐾 232.58 𝐾 3.09 𝐾 1.26% 

𝑇−𝑚𝑖𝑛 229.50 𝐾 232.58 𝐾 3.08 𝐾 1.25% 

𝑡𝑚𝑎𝑥 3169.66 𝑠 3120.00 𝑠 -49.66 𝑠 3.46% 

𝑡𝑚𝑖𝑛 5338.37 𝑠 5280.00 𝑠 -58.39 𝑠 1.09% 

𝑇𝑄𝑆𝑆 275.65 𝐾 281.04 𝐾 5.39 𝐾 1.96% 
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CHAPTER 5 

5. CONCLUSIONS AND FUTURE WORK 

Through the efforts presented in this thesis, a MATLAB-based orbital-thermal 

analysis program was developed for application to specific CubeSat missions in LEO, 

and its functional accuracy was validated. COTAP allows the CubeSat designer to define 

a desired CubeSat mission in terms of the orbit, the mission duration, a simplified 

CubeSat geometry, and some of the material thermal properties of the CubeSat. By 

implementing COTAP at an early phase of the design process, the CubeSat designer may 

achieve an understanding of the effects of the LEO orbital-thermal environment on the 

CubeSat, including the incident heat flux upon a given face, and the approximate 

temperature distribution incurred within the CubeSat as a function of mission time and 

the geometry and material properties of the CubeSat. 

From the standpoint of the PATCOOL mission, COTAP shall be incorporated in 

future orbital-thermal studies to bolster results obtained with Thermal Desktop. This 

capability allows COTAP to further exercise its role as a tool to support in the early 

phases of CubeSat design. Likewise as future thermal analyses are performed on the 

PATCOOL CubeSat using Thermal Desktop, thermal analysis results obtained from 

COTAP may be assessed, thus expanding upon the validation performed as a part of this 

effort, and building confidence in COTAP’s functionality. 

Through this effort, COTAP’s accuracy was demonstrated to be comparable to 

that of an industry-standard orbital-thermal analysis software in terms of determining 

short-term and long-term temperature distribution within a geometrically simplified 

representation of a CubeSat. This demonstration thus validates the original objective of 

COTAP, which was to fulfill the role of a low-cost yet robust orbital-thermal simulation 

platform designed specifically for Earth-orbit-based CubeSat thermal analysis.  
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The current incarnation of COTAP is limited in its scope to only certain specific 

CubeSat mission configurations and geometries. In summary, a CubeSat analyzed using 

the current incarnation of COTAP must reside within LEO below 1000 𝑘𝑚 altitude. 

Furthermore, the CubeSat must have a specific attitude configuration that must be hard-

coded by the user. In terms of the CubeSat geometry itself, COTAP is currently equipped 

to perform a given thermal analysis on only an individual component with the shape of a 

rectangular prism to represent the CubeSat as an approximation. Finally, the user must 

interface directly with MATLAB to perform orbital-thermal analyses with COTAP; this 

therefore requires the user to have some experience using MATLAB. 

The view factors computed to determine the albedo and infrared heat flux loads 

upon the CubeSat faces are only applicable to LEO, and thus would not provide 

meaningful results for orbits that are partially or entirely outside of what is traditionally 

considered LEO [15]. To accommodate and provide orbital-thermal analysis capabilities 

for a broader range of prospective CubeSat missions, more robust models or methods 

could be implemented for the computation of these view factors. 

To further broaden the scope of COTAP in terms of applicable CubeSat mission 

configurations, the capability to compute environmental heat flux loads upon the faces of 

the CubeSat irrespective of the CubeSat’s attitude could be implemented. This 

functionality would conceivably receive as an input from the user a time-dependent series 

of attitude quaternions. This information could then be implemented into the COTAP 

space mission geometry functionality to orient the CubeSat to the user’s desired attitude 

routine. Each of the CubeSat’s faces would then be tracked as the CubeSat’s attitude 

changes over time, and the corresponding heat loads would be computed accordingly. To 

incorporate this functionality, the method of computing the albedo view factor must also 
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be changed; in its current form the albedo view factor is computed based on the 

assumption that the attitude described in the previous paragraph is always enforced 

during the mission. 

Perhaps the most significant prospective improvement to COTAP to broaden the 

scope of its functionality is the expansion of its CubeSat geometry capabilities. In the 

current incarnation, COTAP is limited to importing single-component regular rectangular 

prism CubeSat geometry. This geometry, while approximately representative of a 

standard CubeSat’s geometry, omits most of the geometric details associated with typical 

CubeSat design. Furthermore, by virtue of importing only a single component to 

represent an entire CubeSat, COTAP’s current thermal analysis capability is limited to 

only high-level thermal analysis which neglects much of the details associated with the 

multiple components and subsystems typical of most CubeSats. To expand COTAP’s 

capabilities in terms of CubeSat geometry modeling for thermal analysis, the most 

significant functionalities to address and incorporate include importing assemblies 

comprised of multiple components, quantifying and modeling conductive thermal 

contacts between components, and quantifying and modeling radiative heat transfer 

between components. These added functionalities would significantly broaden the scope 

of analyses that COTAP could be applied to; however, some of these functionalities are 

very computationally expensive and may require extensive development. 

Lastly, a graphical user interface could be developed for COTAP to simplify its 

use. In this regard, MATLAB has a built-in functionality known as the App Designer, 

which allows for the development of interface-capable apps. In a future incarnation of 

COTAP, this functionality could be investigated to develop a user interface to improve 

COTAP’s usability and thus simplifying the task of the CubeSat thermal designer. 
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APPENDIX A 

A. ORBIT PROPAGATOR VALIDATION RESULTS 

Figure A-1A through Figure A-1L below illustrate the error and percent error in 

the orbital elements compared between the COTAP orbit propagation functionality and 

the STK HPOP. 

 

A B 

C D 

E  F 

 

Figure A-1.  Error and percent error in Keplerian orbital elements computed by COTAP. 

A) Semi-major axis, B) Eccentricity, C) Inclination, D) Right ascension of the 

ascending node, E) Argument of the periapsis, and F) True anomaly 
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Figure A-1. Continued  
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