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Summary

Satellites have always been considered to be extremely expensive and risky business, which not
only requires extensive knowledge and expertise in this field but also huge budget. Primarily, this
concept was based on initial development and launching cost. Secondly, it was also impossible to
repair and substitute parts (this was true up to 1993: the first Hubble Space Telescope servicing
mission), which makes design more tough because it requires advanced fault tolerance solutions
and extreme reliability. But with the passage of time many space actors entered in this market.
Low cost design techniques played an important role in the aerospace market growth in the past
years, but they can still play a major part in future developments. At present, several private
companies are also providing launch services which further lower the accumulative cost. Many
universities and SMEs (Small Medium Enterprises) worldwide are also trying to reduce satellite
costs. The Department of Electronics and Telecommunication (DET) at Politecnico di Torino has
been working on NanoSatellites since 2002 and developed their first NanoSatellite called PiCPoT,
which was intended to be launched together with other university satellites by a DNEPR LV
rocket in July 2006. Unfortunately a problem in the first stage of the carrier led to the destruction
of all satellites. After that DET started work on a comprehensive NanoSatellite project called
AraMiS (Italian acronym for Modular Architecture of Satellites). The main idea of the AraMiS is
modularity at mechanical, electronic and testing levels using Commercial-Off-The-Shelf (COTS)
components. These modules can be assembled together to get the targeted mission, which allows
an effective cost sharing between multiple missions. AraMiS satellites have mass up to Skg with
different shapes and dimensions. AraMiS-Cl1 is a CubeSat Standard satellite developed on the
AraMiS approach. Four sides of the AraMiS-Cl are equipped with identical tiles called
1B8 CubePMT that mount solar panels on the exterior and a combined power management,
attitude control and computing subsystem on the interior. The other two sides are devoted to the
telecommunication tiles called 1B9_CubeTCT which carry a commercial deployable UHF
antenna (one side) and a patch type SHF antenna (the other side).

Thesis discusses in detail the design, implementation and testing of the 1B8 _CubePMT module.
It is developed on the design approach of AraMiS architecture with dimension 98x82.5x1.6 mm’.
1B8 CubePMT module contains electric power supply (EPS) and attitude determination &
control subsystems (ADCS) of AraMiS-Cl1 satellite. The integration of such a large number of
systems in a small area was not a trivial job. Several techniques were employed for reduction of
size, weight and power consumption of the different subsystems while still achieving best
performances. COTS components were selected for the EPS subsystems, on the basis of power
loss analysis and minimum dimensions which helped in efficiency enhancement and also
miniaturization of the subsystems. ADCS subsystems components were also selected on the basis
of minimum dimensions and lower power consumptions while still achieving targeted
performances. The most interesting feature of the 1B8 CubePMT module is the design and
integration of a reconfigurable magnetorquer coil within four internal layers occupying no excess
space. Coils in each layer are treated separately and can be attached/detached through straps.
Changing the arrangement of these straps make the magnetorquer reconfigurable. Different
housekeeping sensors have been employed at various points of the 1B CubePMT module.

Thesis also discusses thermal modeling of CubeSat, AraMiS-C1 satellite and 1B8 CubePMT

module. Thermal resistance and temperature differences between different sides of the satellites
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and individual tiles have been found. At the end, preliminary thermal and spin analysis of
NanoSatellites have been presented.

Chapter 1 gives an introduction to the problem and proposed solutions which will be discussed
in this thesis. Chapter 2 presents an introduction to AraMiS project and AraMiS-C1 satellite.
Chapter 3 discusses different satellite design flow configurations and their comparison.

Chapter 4 discusses 1B8 CubePMT module which is a CubeSat standard power management
tile, developed on the AraMiS concept, for AraMiS-Cl satellite. It has EPS and ADCS
subsystems which are the most essential elements of any aerospace mission.

Chapter 5 deals with the design and development of the EPS system of AraMiS-Cl satellite.
This chapter discusses how to reduce the size, weight and power consumption of the EPS
subsystems while achieving better efficiency and fulfilling satellite power requirements. The
selection of COTS components on the basis of power loss analysis and minimum dimensions is
discussed in detail. Housekeeping sensors such as current, voltage and temperature sensors which
are employed at different points of the 1B CubePMT module to cope with anomalies, have been
discussed in detail in this chapter. At the end of the chapter, the designed EPS is evaluated on the
basis of AraMiS-C1 power budget.

Chapter 6 discusses design and implementation of attitude determination sensors (ADS) of the
AraMiS-C1 satellite. 1B8 CubePMT has three types of attitude determination sensors: sun
sensor, magnetometer and gyroscope. This chapter discusses in detail the design and operation of
these sensors. Chapter 7 discusses the attitude control (ADC) system of AraMiS-Cl1 satellite. The
design and implementation of a reconfigurable magnetorquer coil which is embedded inside the
1B8 CubePMT module, is discussed in detail. The designed magnetorquer has been evaluated on
different parameters and compared with the magnetic actuator already available in the market. In
chapter 8 testing procedure and results of 1B§ CubePMT subsystems are discussed in detail.

Chapter 9 presents thermal modelling of NanoSatellites. Detailed and simplified thermal
models of CubeSat panel have been discussed. Thermal resistances measured through both
models are compared. Generic thermal model of a CubeSat is presented. Utilizing the proposed
models, thermal resistance of 1B8_CubePMT and AraMiS-C1 are measured. In order to verify the
theoretical results, the thermal resistance of the AraMiS-C1 is measured through an experimental
setup.

Chapter 10 discusses preliminary thermal and spin analysis of NanoSatellites in space
environment. All the heat sources and their effects on the satellite have been discussed. A thermal
balance equation has been established and satellite temperature for different structures and various
conditions has been found. At the end a satellite spin analysis on the basis of different absorption
coefficient related with colors, has been discussed.
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Chapter 1

Introduction

The market of NanoSatellite is on continuous rise due to its low cost space missions. The main
reason is the availability of COTS components and already developed subsystems in the market.
Universities and SMEs (Small Medium Enterprises) are also attracted by the low cost to build up
their own satellites. In this regard the first real NanoSatellite is CubeSat, developed by California
Polytechnic State University in collaboration with Stanford University. Dimensions of 1U
CubeSat are 10x10x10 cm’ with weight up to 1.33kg [1]. Department of Electronic &
Telecommunication (DET) at Politecnico di Torino also developed their first NanoSatellite called
PiCPoT [2], which was intended to be launched together with other university satellites by a
DNEPR LV rocket in July 2006. Unfortunately a problem in the first stage of the carrier led to
destruction of all satellites. After that DET started work on another project called AraMiS [3].
The feature of AraMiS design approach is its modularity and scalability. These modules can be
reused for multiple missions which helps in significant reduction of the overall budget,
development and testing time. One has just to reassemble the required subsystems to achieve the
targeted specific mission. COTS components have been used for AraMiS project implementation
which are low cost and easily available from the market. The target environment for AraMiS
satellites is the Low Earth Orbit (LEO) with an expected operation life of 5 years. AraMiS
provides low-cost and higher performance space missions with dimensions equal to or larger than
CubeSats.

The design process of AraMiS is based on tiles. Tiles or panel bodies are printed circuit board
with solar panel on exterior side and other electronic subsystems on interior side. 1B8 CubePMT
is the power management, attitude determination and control tile developed for AraMiS-C1 and
other NanoSatellites of CubeSat standard. AraMiS-C1 is a CubeSat standard NanoSatellite
developed on the AraMiS project design approach. Four sides of the AraMiS-C1 are equipped
with 1B8 CubePMT modules. The remaining two sides are devoted to the telecommunication
tiles called 1B9 CubeTCT modules. 1B9 CubeTCT has RF frontend and carry a commercial
deployable UHF antenna (one side) and a patch type SHF antenna (the other side). Inside the
satellite there is room for batteries and payload boards.

1B8 CubePMT is developed on a single eight layers PCB with dimensions 98.0x82.5x1.6
mma3. It has EPS and ADCS subsystems of AraMiS-C1. The top side (layer-1) has two solar cells
and sun sensor while the bottom side (layer-8) contains all the electronic subsystems. EPS
includes solar panel, boost converter, load switches and different linear and switching regulators.
ADCS consists of magnetometer, gyroscope, magnetorquer coil, sun detector, housekeeping
sensors and different connectors. A commercial microcontroller MSP430 from Texas Instruments
performs power management, data processing and various control operations. Magnetorquer coil
with 200 turns, is integrated inside the 1B8 CubePMT four internal layers (layer 2, 3, 4 & 5).
Layer-6 has the ground plan while layer-7 contains partial ground plans and some PCB traces to
connect the components in layer-8.



1.1 Problem Statement

1.1 Problem Statement

The main goal of the thesis is the design and implementation of EPS and ADCS subsystems on
a single CubeSat dimension tile called 1B8 CubePMT. Reducing the weight, cost, power
consumption and space occupation of the subsystems in such a way to maintain the system
performance and operation in safe margins. EPS should meet the power requirement while ADCS
should fulfill orientation and stabilization requirements of AraMiS-C1.

The second goal of the thesis is to present generalized thermal models of CubeSat tiles in
general and particularly the power management tile and CubeSat standard NanoSatellites.
Applying the proposed models to the 1B8 CubePMT module and AraMiS-C1 satellite and
measure their thermal resistances. Also perform thermal and spin analysis of a small satellite in
space environment.

1.2 Proposed Solutions

1B8 CubePMT is developed on the design approach of AraMiS project. The main feature of
the AraMiS design is the scalability and modularity of all the subsystems. These are the two most
important characteristics this innovative architecture possess. The most efficient way to reduce
the cost of a NanoSatellite missions is to reduce design and non-recurrent fabrication costs as
much as possible, which usually accounts for more than half of the overall budget. Design and
non-recurrent fabrication costs reduction is possible by sharing the design among multiple
missions. Design reuse is the main feature of the AraMiS project, that is, to have a modular
architecture based on a small number of modules which can be reused in multiple missions.

COTS components have been used for 1B8 CubePMT implementation which is the second
main feature of AraMiS project. COTS components were selected on the basis of minimum
dimensions, less weight and lower price. Efficiency enhancement of the EPS system was achieved
by using different COTS components and selecting the best one on the basis of power loss
analysis and minimum dimensions. COTS components greatly help in reducing mission cost but
they required proper safety margins to be considered during design to allow safe operations in the
harsh space environment.

For miniaturization and weight reduction purposes, a reconfigurable magnetorquer coil has
been designed and integrated in four internal layers of the 1B8 CubePMT module. Magnetorquer
coil is a better choice for attitude control and stabilization of NanoSatellites. Magnetorquer coil
has small dimensions, weight and low heat dissipation. The designed magnetorquer coil is
reconfigurable and integrated within the PCB internal layers occupying no excess space on
1B8_CubePMT module.

From thermal modeling, theoretical values of thermal resistances of 1B8 CubePMT and
AraMiS-C1 satellite were found. In order to verify these theoretical results, practical values of the
thermal resistances were measured inside the vacuum chamber available in the laboratory.

1.3 Thesis Organization

This thesis will deal with the design and development of EPS and ADCS subsystems of
AraMiS-C1 satellite on a single CubeSat standard module. The integration of such a large number
of systems on a single tile was not a trivial job. Several techniques were employed for reduction
of size, weight and power consumption while still achieving best performances. COTS
components were used for 1B§ CubePMT systems implementation. COTS for EPS subsystems
were selected on the basis of power loss analysis which helped in efficiency enhancement and
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also miniaturization of the subsystems. ADCS subsystems components were also selected on the
basis of minimum dimensions and lower power consumptions while still achieving targeted
performances. A reconfigurable magnetorquer coil has been designed and implemented inside
four internal layers of the 1B8 CubePMT module. In order to cope with the anomalies of the
1B8 CubePMT subsystems different housekeeping sensors have been employed at various points
of the tile. Thesis also discusses thermal modeling and thermal analysis of small satellites.

Chapter 2 presents an introduction to AraMiS project and AraMiS-Cl1 satellite. Chapter 3
discusses different satellite design flow configurations.

Chapter 4 discusses 1B8 CubePMT module. 1B8 CubePMT is the CubeSat standard power
management tile developed for AraMiS-C1 and other NanoSatellites of CubeSat standard. It has
EPS and ADCS which are the most essential elements of any aerospace mission.

Chapter 5 deals with the design and development of the electric power supply (EPS) system of
AraMiS-C1 satellite. This chapter discusses how to reduce the size and weight of the EPS
subsystems while achieving better efficiency and fulfilling satellite power requirements. The
selection of COTS components on the basis of power loss analysis and minimum dimensions is
discussed in detail. Housekeeping sensors are employed at different points of the 1B8 CubePMT
module to cope with anomalies. At the end of the chapter, designed EPS is evaluated on the basis
of AraMiS-C1 power budget.

Chapter 6 discusses design and implementation of ADS of AraMiS-Cl satellite.
1B8 CubePMT has three types of attitude determination sensors: sun sensor, magnetometer and
gyroscope. This chapter discusses in detail the design and operation of these sensors. Chapter 7
discusses the ADC system of AraMiS-Cl satellite. The design and implementation of a
reconfigurable magnetorquer coil which is embedded inside the 1B8 CubePMT module, is
discussed in detail. The designed magnetorquer has been evaluated on different parameters and
discussed with the magnetic actuator already available in the market. In chapter 8 testing
procedure and results of 1B8 CubePMT subsystems are discussed in detail.

Chapter 9 presents thermal modelling of NanoSatellites. Detailed and simplified thermal
models of CubeSat panel have been discussed. Thermal resistances measured through both
models are compared and the results are in close agreement. Generic thermal model of a CubeSat
is also presented. Utilizing the proposed models, thermal resistance of 1B8 CubePMT and
AraMiS-C1 are measured. In order to verify the theoretical results, the thermal resistance of the
AraMiS-C1 is measured through an experimental setup. Chapter 10 discusses preliminary thermal
and spin analysis of NanoSatellites in space environment. All the heat sources and their effect on
the satellite have been discussed. A thermal balance equation has been found and satellite
temperature for different structures and various conditions has been found. At the end a satellite
spin analysis on the basis of different absorption coefficient related with color has been discussed.
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Chapter 2

Introduction to Small Satellites

Small satellites market has considerably grown over the last decade. This has been made
possible due to the availability of low cost launch vectors. This cost reduction has made it feasible
for universities and small industries to enter the satellite market. In 2001, Professor Robert
Twiggs at Stanford University, USA, in collaboration with Professor Jordi Puig-Suari at
California Polytechnic State University, have defined and implemented the standard for small
satellite called CubeSat [4-5]. CubeSat identifies the standard for small satellite with dimensions
10x10x10 cm’® and a maximum mass of 1.33 kg, having a structure adapted to the launcher POD (
Pico-satellite Orbital Deployer ). Another feature of CubeSat is the use of low-cost commercial
components (COTS: Commercial Off -The-Shelf ). These features greatly help in the reduction of
cost and development time. In addition, the weight reduction allows the use of less expensive
launchers. Satellites based on CubeSat standard have made it possible for potential clients to buy
and assemble their own satellites. This (CubeSat) standard laid the foundation for several projects
of NanoSatellites by many universities and SMEs worldwide. Different universities across Europe
such as University of Wurzburg in Germany, the Norwegian University of Science and
Technology and Italian universities including; the University of Rome La Sapienza , the
University of Trieste and Politecnico di Torino.

Practically, any artificial satellite of low mass and low volume can be considered as a small
satellite. However, the definition can be extended to any system designed with the small satellite
philosophy. This may include features such as commercial off the shelf components, modular
systems, less redundancy, open sourcing, incremental missions, etc.

Small satellites are encouraging spacecrafts to test and try novel methods and technologies (E.g.
open source hardware and software, formation flying), which might not be under the purview of
large scale satellites This remains the reasons as to why small satellites have been considered a
disruptive technology by numerous space mission experts. Small satellite programs are
particularly attractive since they are "affordable". There shall be no surprises in the near future, if
more and more developing countries, groups from the academic world or even small teams of
space enthusiasts develop their own space mission based on small satellites. The small satellite
platform is catering to new actors such as developing countries, students and amateurs.

2.1 PiCPoT

The Department of Electronics & Telecommunication Engineering, in collaboration with the
Department of Aerospace Engineering at Politecnico di Torino started work on the PICPOT
(Small Cube of Politecnico di Torino) project in January 2004. The major objective of the project
was to design, implement and launch experimental satellite into LEO with the aim of:

e Training and educating the students, therefore PICPoT was primarily developed by
students cooperation.
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e Check the operation and reliability of COTS components in space

e Acquire and transmit to Earth Station several images and measurements carried into orbit
by the onboard sensors

e Taking Earth's surface images

e Encouraging and creating interdisciplinary activities to enhance the interaction and
coordination of various departments, faculty members, PhD students and other students of
the Politecnico.

Figure 2.1: Photograph of PiCPoT satellite

PICPOT is a satellite of cubic structure with dimensions 13x13x 13cm’ and a mass of 2.5 kg.
The six external faces are made of aluminum alloy type 5000 AIMn. Photograph of PiCPoT is
shown in figure 2.1. Solar panels are mounted on the five external faces which provide power to
the PiCPoT. The sixth face have test connector and three cameras. There are two antennas (for
437 MHz and 2.4 GHz ) which are used to communicate with the ground station. PiCPoT also
contain two Kill-Switches which can guarantee the absence of power until the satellite is not
completely detached from the launcher. The interior of the satellite houses two types of batteries (
NiCd and NiMh) to power the satellite in the absence of the solar power. The satellite have the
following electronic circuit boards:

e Power Supply: recharge the batteries by converting incoming voltage from the solar
panels and also maintain the temperature of the satellite.

e Power Switch: converts the battery voltage to different voltage levels required by all the
other subsystems onboard PiCPoT.

e RxTx: receives and transmits signals between the ground station and satellite via 437
MHz and 2.4 GHz channels that operate in half duplex mode.

e ProcA and ProcB: are the two on-board computer implemented on separate PCBs. They
duplicate the same functions. These processors and boards are built with different
technologies and different components that provide redundancy to avoid possible failure.
They both also acquire telemetry data and communicate with Payload and RxTx. These
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processors are not operated simultaneously for efficient utilization of the onboard
available power.

e Payload: is responsible for acquiring earth images via onboard photo/video cameras. It
also compress these images to JPEG and send them to the ProcA or ProcB, which
manages their transmission to the ground.

2.2 AraMiS Project

AraMiS (Modular architecture for Satellites) is a project that wants to take further the CubeSat
concept and create a true modular architecture. The design approach of AraMiS architecture is to
provide low-cost and high performance space missions with dimensions larger than CubeSats.
The feature of AraMiS design approach is modularity and scalability. These modules can be
reused for multiple missions which helps in significant reduction of the overall budget,
development and testing time. One has just to reassemble the required subsystems to achieve the
targeted specific mission.

This architecture is intended for different satellite missions, from small systems weighing from
lkg to larger missions. Figure 2.2 depicts a number of configurations that show the potential
capabilities of the proposed architecture. Modularity has been implemented in different ways.
From the mechanical perspective, larger satellite structures can be conveniently realized by
combining several small modular structures. The modularity concept has also been intended from
electronic standpoint. Most of the internal subsystems are developed in such a manner they can be
composed together to enhance performance. One such example is the power management
subsystem. In conventional missions: to get maximum solar power, solar cells are mounted on all
the available surfaces but their number can be different in various missions, thus requiring to re-
design each time. This new modular approach makes use of a standard module, as can be seen in
figure 2.2 which can be replicated many time to fit mission requirements [6].

Figure 2.2: Different AraMisS satellites architecture

2.3  AraMiS Satellite Subsystems

The AraMiS satellites can achieve the desired flexibility level by combination of several
subsystems together. The main subsystems of this architecture are:

e Mechanical
e Power management
e Attitude determination and control
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e Telecommunication
2.3.1 Mechanical subsystem

The mechanical subsystem is the backbone of a satellite. It provides physical structure to the
satellite and holds in place all the subsystem together and also protect them from environment
conditions. The main material used for building the AraMiS structure is Aluminum, used in
particular for its light weight. The structure skeletal is made by metallic square rods while the
power management and telecommunication sub-systems are mounted on thin panels that are
screwed to the rods. The power management tiles cover the satellite with solar panels mounted on
the external face. The number of these tiles mainly depends on satellite size and power
requirement. This provides a degree freedom to mission designers since size and generated power
can be increased by simply adding more modules.

All the tiles are connected on the external faces of the satellite and the payload is mounted inside
which can be altered by the mission requirement. Figure 2.3 shows the Aluminum frames of
AraMiS structure.

Figure 2.3: AraMiS mechanical structures

2.3.2 Power management subsystem

The power management subsystem is responsible for generating, storing and delivering power
to all the other satellite subsystems. It is one of the most critical subsystem as a failure here can
lead to shutting down everything. Fault tolerance is an important parameter and most of the
design solutions were selected for this reason.
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Conventionally, power management is mission dependent which requires ad-hoc development
for the specific needs. This tends to increase overall system cost and testing time. For this reason
the AraMiS project uses modular power management system that can be adapted for various
missions. Figure 2.4 shows different solar panels of AraMisS satellites.

Figure 2.4: AraMiS solar panels

2.3.3 AraMiS Telecommunications Subsystem

The AraMiS telecommunications subsystem follows the modularity concept. There is a basic
telecommunication tile that is provided in a standard AraMiS satellite. In case of special
applications, dedicated tiles can be added to meet mission criteria. This module is used to receive
command and control packets from the ground station and to send back telemetry and status
information. The bandwidth needed to exchange this kind of information is usually low, so the RF
link was designed for low speed and low power. The module has been designed using COTS
components which were selected to achieve good fault tolerance level. There are two different
frequency bands used for satellite and ground communication: the UHF 437MHz band and the
SHF 2.4 GHz band. To reduce occupied bandwidth, both channels are implemented using half-
duplex protocol, sharing the same frequency for downlink and uplink. AraMiS telecommunication
module are shown in figure 2.5.



2.3 AraMiS Satellite Subsystems

Figure 2.5: AraMiS telecommunication module

2.3.4 Tile Computer subsystem

Tile Computer (OBC) used in AraMiS satellites consist of redundant MSP430 microcontrollers
and FPGAs, that are mainly responsible for overall satellite system management. Some of the key
responsibilities perform by OBC includes:

e Creating and transmitting (by Transceiver board) Beacon packets,
e Decoding and executing commands,

e Executing attitude control algorithm,

e Storing housekeeping data,

e Controlling Payload sub-systems.

2.3.5 Attitude determination and control subsystem

This subsystem is mainly responsible for sensing and modifying satellite orientation for keeping
the tile subsystems pointing at their targets. Attitude control can be performed in passive or active
way: passive attitude control is usually achieved by mounting a permanent magnet in the satellite
which acts as a compass in the Earth magnetic field. This system is extremely simple and
consume no power. The main drawback is lack of spin control due to the variable Earth magnetic
field. Active control is performed using controlled actuators that modify satellite attitude on OBC
commands. In AraMiS, attitude control is automatically performed by the satellite using
magnetorquer and reaction wheels.

10
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For attitude determination, three types of attitude sensors are used: magnetic, spin and Sun
sensors. These sensors consist of COTS components which were selected on the basis of small
dimension, light weight and low power consumption while achieving better performances.

Reaction

Attitucle
“~ Control

Figure 2.6: AraMiS ADCS modules

2.3.6 Payload

The payload is heavily mission dependent and the architecture was developed to allow high
flexibility on it: the main requirements that the AraMiS architecture impose on the payload is its
compatibility with the tile power distribution and data bus. Different payloads can be fitted in the
various configurations but mechanical fixtures should be developed to connect them to the
mechanical structure. A view of the payload inside AraMiS is shown in figure 2.7.

Figure 2.7: Payload inside AraMiS
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24 AraMiS-C1

AraMiS-Cl is a 1U CubeSat standard NanoSatellite built as a demonstrator of the AraMiS
modular architecture developed since 2007 at Politecnico di Torino. Four sides of the satellite are
equipped with identical "tiles" that mount solar panels on the exterior and a combined power
management, attitude control and computing subsystem on the interior. The other two sides are
devoted to the telecommunication links and carry a commercial deployable UHF antenna (one
side) and a patch type SHF antenna (the other side) on the exterior. Inside the satellite there is
room for batteries and payload boards. Once deployed, the ISIS - Deployable Antenna System for
CubeSats will release four antenna baffles. No drag augmenting device and no other deployable
device (except antennas) is installed.

AraMiS-C1 is based on the modular architecture AraMiS, which is modular at electrical,
mechanical and software level. In this architecture, major bus functionalities are split over a
number of identical modules that are placed in a proper manner in each tile (integrated inside the
same PCB), making the design, maintenance, manufacturing, testing and integration very simple.
The modules interconnect and dynamically exchange data and power in a distributed and self
configuring architecture, which is flexible because standardized interfaces between components
are specified. Product variations can then take place substituting modular components without
affecting the rest of the system. AraMiS-C1 is made by assembling a number of tiles developed at
Politecnico di Torino, as detailed further, plus a few commercial off-the-shelf subsystems from
ISIS's CubeSat shop. Photograph of 1U AraMiS-Cl1 with four 1B8 CubePMT and two
communication tiles is shown in figure 2.8.

Figure 2.8: Photograph of AraMiS-C1

The AraMiS-C1 is designed to be functional over a period of two to three years on LEO in the
500 km range, but even lower orbits with higher atmospheric drag that will guarantee a few
months in space are acceptable for our purposes. Obviously longer orbital life (at least one year)
will be more appropriate for the scientific objectives of the mission.

AraMiS-C1 have the following subsystems:

e ISIS - 1-Unit CubeSat Structure
12
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e 1B8 CubePMT modules

e 1B9 CubeTCT modules

e Payload

e Battery pack

e UHF antenna

e Harness

e Onboard data handling

e On-Board Computer (OBC)

2.4.1 1ISIS - 1-Unit CubeSat Structure

The ISIS 1-Unit CubeSat structure is developed as a generic, modular satellite structure based
upon the CubeSat standard. The design created by ISIS allows for multiple mounting
configurations, giving CubeSat developers maximum flexibility in their design process. The stack
of PCBs and other flight modules can be build up first in the secondary structure and integrated
with the load carrying frames at the end of the process, ensuring accessibility of the flight
avionics. In addition, the use of a load carrying frame and detachable shear panels allows for
access to all parts of the spacecraft avionics, even after final integration by removing one or more
of the shear panels. The modular structure allows up to two 1-Unit stacks of PCBs, or other
modules, to be mounted inside the structure. ISIS-1-Unit CubeSat structure is shown in figure 2.9
while the structure characteristics are given in table 2.1.

Figure 2.9: ISIS-1-Unit CubeSat structure (an example)

13
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Parameter Value Unit
Part production tolerances 0.1 mm
Maximum supported mass (total) 2000 g
Primary Structure Mass 100 g
Primary + Secondary Structure Mass 200 g
Outside Envelope (1 x w x h) 100 x 100 x 113.5 mm’
Inside Envelope (Ixw x h) 98.4 x 98.4 x 98.4 mm’
Thermal Range (min - max) -40 to +80 °C

Table 2.1: Characteristic parameters of the ISIS-1-Unit CubeSat structure

2.4.2 1B8_CubePMT Module

EPS and ADCS are the most essential elements of any aerospace mission. Efficient EPS and
precise ADCS are the core of any spacecraft mission. So keeping in mind their importance, they
have been integrated and developed on a single tile called 1B§ CubePMT module. This module is
built on a single 8-layers FR4 PCB with dimension 82.5 x 96 x1.6 mm’ which also acts as
mechanical structure for AraMiS-Cl1 satellite. It has solar panels and sun sensor on the external
side while internal side contains components of power management and attitude subsystems. A
reconfigurable magnetorquer coil is embedded inside the four internal layers of the
1B8 CUbePMT PCB.

Modular power management tiles (PMTs) are already available in the market but they are less
efficient, heavier in weight, consume more power and contain less number of subsystems. COTS
components have been used for 1B8 CubePMT implementation which are low cost and easily
available from the market. 1B8 CubePMT is developed on the design approach of AraMiS
architecture.

1B8 CubePMT subsystems include:

e 1B111B Solar Panel

e 1B1121D Boost converter

e 1BI1251 Switching and linear regulators
e Housekeeping Sensors

e 1B221 Magnetometer

e 1B211B Gyroscope

e 1B235 Sun Sensor

e 1B222 Magnetic torque actuator)

e 1B223 Magnetorquer coil

e 1B4222 Tile Processor

1B8 CubePMT and its subsystems are discussed in detail in chapters 4, 5, 6, 7 and 8.

14
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24.3 1B9_CubeTCT

1B9 CubeTCT is a four layered PCB with dimensions 98.0 x 98.0 x 1.55mm’. The
components are mounted on the bottom layer (layer 4) while the top layer (layer 1) contains a
feed point for mounting detachable S-band patch antenna (2.4 GHz). The routing for RF, Power
and other analog traces are performed on the bottom surface. All the digital traces are routed on
the third layer (3). The second and fourth layers are ground planes which help in shielding RF,
Power and analog traces from digital signals. Therefore, ensures a considerably better signal
integrity. The 1B9 CubeTCT communicates with onboard computer (OBC) through a 6 pin SPI
connector. Power Distribution Bus (PDB) is made available using a separate 4 pin connector. Two
8 pin connectors are available for separate programming and debugging of the Texas Instruments
CC2510 Transmitter TX and Receiver RX. The data processing, monitoring and various control
operation for 1B9 CubeTCT is also perform by these commercially available transceivers which
has an internal 8051 core microcontroller. A photograph of 1B9 CubeTCT module is shown in
figure 2.10 [7].

The main focus for 1B9 CubeTCT design is to realize a high bandwidth communication link
using low cost COTS components which are available in market. This has made it feasible for the
universities and SMEs to enter the field of satellite design. Moreover, a modular architecture
approach has been employed for complete nano-satellite design. This modular approach makes
the redesign convenient by the reuse of the identical modules.

ARAMIS-C1 Bk1B31B_2_4CHz _OBRF V1
DET - Politecnico di Torino 10/13

Figure 2.10: Photograph of 1B9_CubeTCT module

2.44 1B31A Tile Radio Frequency Module (437MHz)

UHF Module is used both as a transmitter and receiver, in half duplex configuration mode. It
consists of MSP430 microcontroller performing protocol functions and two CC1020 transceivers
that are configured separately as a transmitter and receiver respectively. As shown in the figure
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2.11, the RF front end consists of Power Amplifier, LNA that are connected to transmitting
cc1020 and receiving cc1020 which is then fed to a four element monopole antenna via Solid
State Switch.

CC-1020 T L= PA Antenna

SPI
OBC [g—m| MSP430D

Switch

? CC-1020 RX |-

Figure 2.11: UHF Band Communication Block Scheme.
2.4.5 ISIS - Deployable Antenna System for CubeSats

The ISIS deployable antenna system contains up to four tape spring antennas of up to 55 cm
length. The system can accommodate up to four monopole antennas, which deploy from the
system after orbit insertion.

The wires are melted using two redundant heating elements per wire. RF phasing / BalUn
circuitry ties the antennas together in for instance a turnstile configuration, two dipoles, or just
one dipole. ISIS can configure the antenna system to be compatible with all UHF and VHF radios
which are typically used for CubeSats.

Depending on the configuration, one or two radios in the CubeSat can connect to the antenna
system by means of miniature RF connectors. Furthermore, the top face of the antenna system can
accommodate a two solar cells solar panel and provisions have been made such that it can be
customized for customers who require sensors or other systems to protrude to the exterior, e.g.
camera apertures.

The antenna system has been designed for maximum compatibility with existing COTS
CubeSat components. It is compatible with any UHF and/or VHF radio system. It can be mounted
on top and bottom faces of all ISIS CubeSat structures and Pumpkin rev C and rev D CubeSat
structures. For custom made structures, which adhere to the CubeSat standard mechanical
envelope, mounting should also be possible.

2.4.6 1B31B Tile Radio Frequency Module (2.4GHz)

CC2510 transceivers that are configured separately as a transmitter and receiver, respectively. The
Protocol functions are performed by the Embedded 8051 core tile each cc2510 transceivers. The
RF front end consists of Power Amplifier, LNA that are connected to transmitting CC2510 and
receiving CC2510 which is then fed to a four element monopole antenna via Solid State Switch as
shown in figure 2.12.
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Antenna

CC-2510TX = PA ﬁ
T.

QORC !UAHT
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Pl | ccas10mx e LNA [-—
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Figure 2.12: S-Band Communication Block Scheme.
2.4.7 1B3211 - Single Patch Rodgers Antenna

For S-Band communication Link, single patch antenna has been selected that is operated at 2.45
GHz. The compact design allows it to be mounted on external face of TCT. It is fed via coax feed
from the internal S-Band Module. Among the available materials, Rodgers' Duroid Substrate 6002
was selected which has a relative permittivity ‘€,’= 2.94 and thickness ‘t” = 30mil/0.762mm.

2.4.8 Payload

The payload is a scientific/technological payload composed of three independent boards,
developed by different groups. All of them have the common aim of comparing the sensitivity to
radiations of commercial microcontrollers in order to make results available to the scientific
community. The same (or a similar) program will run on all the boards, aimed at counting the
SEUs which accumulate during the lifetime of a microcontroller in LEO orbit, under similar
conditions. The three boards will host:

e Payload - Board 1: a Texas Instrument's MSP430F5438 microcontroller
e Payload - Board 2: a Microchip's PIC microcontroller
e Payload - Board 3: a few flavors of Xilinx's PicoBlaze soft-core on an Actel ProAsic
FPGA, with different levels of HW radiation hardening. This payload has been
developed at University of Alicante (E)
Characteristics common to Payload-Board 1, Payload-Board 2 and Payload-Board 3 are:

mass: 35g
size 80 x 80 mm’

e power consumption: 100mW average

data rate requirements: about 50B every minute
2.49 Harness

The harness of AraMiS - Cl1 is very simple. Each AraMiS - C1 has:
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e MOLEX-4 pins PicoBlade header connector for Power Distribution Bus; 12V nominal;
max 200mA, except for the 1B9 _CubeTCT tile, which can sink up to 800mA. This also
shares ground node and kill switch connection.

e MOLEX-5 pins PicoBlade header for tile data bus (I12C)

e MOLEX-8 pins PicoBlade header for JTAG programming of microcontroller, to be used
only on ground for microcontroller configuration

The power harness is therefore a bus connection for power Distribution Bus; one plug for each tile
and the payload (7 plugs).

The data harness is therefore a bus connection for 12C; one plug for each tile and the payload (7
plugs).

The RF harness is a coax cable from the 1B9 CubeTCT tile to the opposite ISIS - Deployable
Antenna System for CubeSats.

All harnesses are tied to the Internal Structure of the AraMiS-C1. Connectors are fixed by means
of appropriate silicone resin.

2.4.10 Battery Pack

A pack of ten rechargeable secondary batteries from SANYO. They are assembled in two packs
of five batteries each has.
e Nominal Voltage =7V
e Capacity = 900mAh
e Mass=230g
e  Min Temperature = -20 °C
e Max Temperature = +60 °C

2.4.11 1B45 Tile Data Handling (OBDH) and Software

On Board Data Handling Subsystem is one of the critical subsystems of any satellite mission [8].
A lot of design effort needs to be done for reliable way of data handling among different modules
(sensors, actuators, etc.). The following sections show the detailed documentation of On Board
Data Handling and Software sections of AraMiS-C1.

2.4.11.1 Tile Data Handling Bus

All the data handling of AraMiS-Cl1 takes place in accordance with the Basic Protocol for
communication between one or more subsystems developed at Politecnico di Torino, which
supports in a transparent way, several physical layers. The Master is any processor willing to
communicate (exchange data and commands) with a Slave. Master may either be the On Board
Computer or a Tile Processor (MSP430F5438 from Texas Instruments). The Slave may be a Tile
or any other subsystem. Master communicates with the Slave via either SPI, OBDB, or 12C
protocols. The Master, via the interface, can at least:
e Send/Receive designer-defined messages to/from the Slave (namely, Read Data/Write
Data operation);
e Send Designer-defined commands to the Slave (namely, Command Only operation);
e Acquire Designer-defined housekeeping information from the Slave (e.g. internal
voltages, currents, temperatures; see use case Housekeeping Management);
e Set the Slave to sleep mode or wake it up
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Configure the Slave (e.g. enable/disable subsystems)

The Basic Protocol supports the following actions

Write Data - when a Master wants to transfer up to 256B of data to a Slave;

Read Data - when a Master wants to read up to 256B of data from a Slave;

Command Only - when a Master wants to deliver a data-less command to a Slave.
Broadcast Write Data - when a Master wants to transfer up to 256B of data to all Slaves;
Broadcast Command Only -Command Only - when a Master wants to deliver a data-less
command to all Slaves.

Most data transfers contain an appropriate START element; an 8-bit Master address; 8-bit Slave
address ; a 16-bits command;

an 8-bit data length field (only for Write Data and Broadcast Write Data); data (1B to 256B;
except read data); a 16-bit CRC

check and an appropriate STOP element. For AraMiS-C1, we select 12C physical layer for all
connections.

2.4.12 On-board Computer

On-Board Computer (OBC) is the heart of any satellite mission. Use case diagrams of figure 2.13
shows the main functions of OBC. Some salient features of the OBC to provide the satellite flight
segment with the following features:

Processing resources for the flight mission software

Telemetry and telecomm-and services and interfaces with the RF communication chain
General communication services with the Avionics and payload equipment through an
on-board communication bus.

Time synchronization and distribution

Failure tolerance architecture based on the use of redundancy implementation principle
Managing payload data on the satellite and then transmitting it to ground station in proper
format and efficiently.

One of the 1B8_CubePMT tile processors acts as the On Board Computer (OBC) for AraMiS-C1.
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Figure 2.13: Major functions of OBC (a) OBC use cases (b) OBC power management (c) OBC

communication (d) OBC supervision
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Chapter 3

Satellite Design Flow

3.1 Introduction

In this chapter we are going to discuss the design configuration of AraMiS tiles and modules.
Basically three types of design configurations are used. These configurations are discussed here
and at the end a trade off analysis of using modules in different spacecraft configurations has been
given.

3.2  Design flow Configurations

The design technique of the AraMiS tiles and modules is quite flexible and a number of
spacecraft configurations are possible including physical, logical and satellite on demand. The key
design flow sequence is described as follows.

e Design the new subsystems either on single, double or quadruple module configuration.

e Test the subsystems on ground using development board. The tiles having processors and
pluggable connectors can be transformed very easily into the development boards for the
functional testing of modules.

e Integrate each module on the tile connectors in a physical module based satellite
configuration. The specific module can be used only if the desired mission needs it.

e Embed the logical modules in the main tile for a logical module based satellite
configuration. This configuration is permanent and cannot be altered after the design
phase.

e Integrate physical and logical modules on a single tile for a custom satellite on demand
configuration. This approach takes advantages of both physical and logical
configurations.

3.2.1 Physical Module Based Configuration

This configuration uses standard tiles hosting multiple connectors and the individual
subsystems are developed on physical daughter boards, connected to the tile via pluggable
connectors. The subsystem modules are used only if the specific mission needs it. This
configuration achieves high level of design flexibility, testability and upgradability. The testing of
modules, tiles and the whole satellite is needed in this type of configuration. This configuration is
mostly employed for teaching/research purposes because the integration of the physical modules
causes highly integration complexities.
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3.2.2 Satellite on Demand Configuration

This configuration embeds the already developed and tested modules inside the PCB of the tile.
Therefore in this configuration, the design of physical modules in a permanent configuration.
Testing at tile and mission level is required and not at the module level. The CubeSat standard tile
is built using this approach

3.2.3 Reusable Design Configuration

The reusable design configuration is an optimized spacecraft configuration based on the
customer requirements. This configuration reuses the satellite on demand configuration with
minor addition or removal of specific subsystems on customer demands. This configuration
actually follows the Cheaper-Faster-Better philosophy. The testing is performed only at mission
level as the modules and tiles of the previously tested configurations are used in this spacecratft.

3.3 Design Trade-off analysis

A design trade-off was performed for using different types of modules in the above mentioned
satellite configurations. Physical module based configuration has high level of design flexibility,
testability and can easily be upgraded but the shortcomings are increased mass/weight because of
using separate modules, less space for payload and difficult integration of physical modules on
the tile connectors. Logical module based configuration cannot be upgraded once designed.
Moreover it has lower testability than the other schemes. The detailed comparison of the above
configurations is depicted in figure 3.1. In [9], we have presented design and test of bus interface
circuit on single module emphasizing the concept of plug and play approach.

Relative trade off analysis

1

Size/Mass Dezign Testability Upgradability Integration
Flexibility

Relative Comparison

W Physical Module based W Satellite on demand B Reusable design

Figure 3.1: Trade off analysis of using modules in different spacecraft configurations
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Chapter 4

CubeSat Power Management Tile:
1B8 CubePMT

4.1 Introduction

1B8 CubePMT is the power management, attitude determination and control tile for AraMiS-
C1 satellite. 1B8 CubePMT is mounted on the four external faces of the AraMiS-C1 satellite. The
other two sides have the telecommunication tiles called 1B9 CubeTCT. The photos of the
AraMiS-C1 are shown in figure 4.1.

Electric power supply (EPS) and attitude determination & control subsystem (ADCS) are the
most essential elements of any aerospace mission. Efficient EPS and precise ADCS are the core
of any spacecraft mission. So keeping in mind their importance, they have been integrated and
developed on a single tile called 1B8 CubePMT module [10]. Modular power management tiles
(PMTs) are already available in the market but they are less efficient, heavier in weight, consume
more power and contain less number of subsystems. The goal of this work is to implement EPS
and ADCS subsystems in a single module focusing on the main issues and adding some additional
features. 1B8 CubePMT is developed on the design approach of AraMiS architecture using the
satellite on demand design flow configuration (discussed in chapter 3).

In this chapter we will discuss 1B8 CubePMT in general. Subsystems design, implementation
and testing details are given in chapter 5, 6, 7 and 8.

Figure 4.1: Photos of AraMiS-C1 external and internal views
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4.1.1 1B8_CubePMT Subsystems Nomenclature

The 1B8 CubePMT module subsystems names are according to the nomenclature used for
these subsystems inside UML diagrams [11].

UML (Unified Modeling Language), a widely used modeling language in high level object
oriented designs is becoming a standard in vast application areas. UML provides a lot of
independent diagrams, including the usecase diagram, class diagram, sequence diagram,
requirement diagram, state diagram etc. Different diagrams exhibit system properties in different
views. The choice of the diagram usually depends upon the characteristics of the system [12].

UML has been used for the design and documentation of the AraMiS project. All the
subsystems blocks and their functionalities have been described using the UML.
Hardware/software architecture of AraMiS, detailed documentation of each subsystem has been
implemented using UML. The design methodology employs UML class diagram for every
module. With the proposed approach, every subsystem is composed of a hardware (HW) part and
a corresponding SW support.

1B8 CubePMT UML class diagram is given in figure 4.2. All the subsystems names are
according to the nomenclature used for their classes in UML. In this thesis, we will used the
corresponding UML names of all the subsystems.
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Figure 4.2: UML class diagram of 1B§ CubePMT.
4.1.2 1B8_CubePMT Subsystems

1B8 CubePMT has EPS and ADCS subsystems. EPS is responsible for power generation while
ADCS provides pointing to the antennas, direct solar panels towards sun and controls the
satellites spin rate. EPS includes solar panel, boost converter, load switches and different linear
and switching regulators. ADCS consists of magnetometer, gyroscope, sun sensor, magnetic
torque actuator and magnetorquer coil. Different housekeeping sensors are mounted at different
points of the CubePMT tile. For harness data and power, 1B8 CubePMT has different connectors.
A commercial microcontroller MSP430F5438 from Texas Instruments performs power
management, data processing and various control operations [13].
The external face of 1B8 CubePMT module has two solar cells and sun sensor while the internal
face contains all the EPS and ADCS subsystems components. The solar cells are triple junction
space qualified providing an efficiency of 26%. They are connected in series to achieve an output
voltage of approximately 4.4V (each cell generating 2.2V). The external face also has a simple

sun sensor that is used as a sun directional sensor. The inner face has a boost converter which step
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up the solar panel voltage from 4.4V to 14V (power distribution bus voltage). The inner face also
has a magnetometer and a yaw rate gyroscope with dynamic range of £80°/s which is connected
to the tile processor through SPI bus. A magnetorquer coil with 200 turns, is integrated inside the
PCB four internal layers, thus occupy no extra space in the spacecraft. MSP430 microcontroller is
mounted on the inner face for monitoring and control operations of the whole system. Block
diagram of 1B8 CubePMT is shown in figure 4.3 while photographs of 1B§ CubePMT are
shown in figure 4.4 and figure 4.5.
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Figure 4.3: Block diagram of the 1B8_CubePMT subsystems.
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Figure 4.4: Photographs of 1B§_CubePMT module’s solar panel side.
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Figure 4.5: Photographs of 1B8 _CubePMT module’s component side.
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4.1.1 Cross-Sectional View

Cross sectional view of the 1B8_CubePMT module is shown in figure 4.6. Two solar cells are
attached with layer-1 through resin. Magnetorquer coil with 200 turns, is integrated inside the
PCB four internal layers (layer 2, 3, 4 & 5). Layer-6 has the ground plan while layer-7 contains
partial ground plans and PCB traces to connect the components in layer-8.

0.3mm Solar Cells

. Resi
e e Side S1 esin 40.2mL
I Layer-1 s
Ly m Layer-2 [ —— EEE
s AN L] Layer-3 I EEE
T [ [] e || Layer-4 [ EEE o
T T — | Layer-5 I — EE N 3
0.2mm
‘ Layer-8 ’ \
Side S2 Magnetorquer Coil Copper

Ground planes Traces

Figure 4.6: Cross sectional view of the 1B§ CubePMT module.

4.1.1 Dimensions

1B8 CubePMT is developed on a single eight layers PCB with dimensions 98.0%82.5x1.6
mm’. The top side (layer-1) has two solar cells and sun sensor while the bottom side (layer-8)
contains all the electronic subsystems. All analog and digital signals of the subsystems are
available on two 15 pins connectors. Power distribution bus (PDB) and solar panel outputs are
available on a separate four pins connector. Eight pins J-tag connector is available for
programming and debugging of tile processor and a five pins 12C connector for communication
with other tiles. A spring loaded 20-pins plug and play connector is used for connecting any
external subsystem on one of the eight ports of tile processor. Figure 4.7 shows 1B8 CubePMT
dimensions of solar panel and component sides. Table 4.1 shows the 1B§ CubePMT module
imporatant dimension parameters.

Parameter Dimensions Unit
PCB dimensions of 1B8 CubePMT module 98.0x82.5x1.6 | mm’
Total thickness of 1B8 _CubePMT with components 9.15 mm
Mass of 1B8 CubePMT module 40 g

Dimensions of a single solar cell 70%40x0.15 mm’
Height of PicoBlade Molex connector 4.7 mm
Height of Boost Converter inductor 7.5 mm
Height of Gyroscope 5.2 mm

Table 4.1: 1B§_CubePMT dimensions
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Figure 4.7: 1B8 CubePMT dimensions (mm) (a) Solar panel side (b) component side
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4.1.2 Power and Data Interface

The data and power interfaces of 1B8 CuibePMT is very simple. It has six different connectors :

4.1.3

MOLEX-4 pins PicoBlade connector (J6): On this connector solar panel output and PDB
of the 1B§_CubePMT module are available.

MOLEX-5 pins PicoBlade connector (J5): This connector has on-board data bus (I12C)
and kill switch connection. 3.3V supply is also available on this connector.

MOLEX-8 pins PicoBlade JTAG connector (J4): This connector is used for programming
and debugging purposes of the tile processor.

MOLEX-15 pins PicoBlade analog connector (J8): All the analog signals of different
sensors are available on this connector. 5V supply and 3V reference supply are also
available on this connector.

MOLEX-15 pins PicoBlade digital connector (J7): This connector has all the critical
digital signals for testing purposes.

Plug and Play Spring Loaded connector (J9): This connector is attached to the tile
processor on port G (also called module G). It is a 20 pins optional connector and an
external module (subsystem) can be connected to the tile processor through this
connector.

1B4222 Tile Processor

Tile processor is the heart of 1B CubePMT module and is mainly responsible for managing
the system, in particular:

Processing resources of the 1B§_CubePMT

General communication services of the subsystems of 1B8 CubePMT with avionics and
payload equipment of AraMiS-C1 through 12C bus

Power management and scheduling task

Storing and processing housekeeping data
Decoding and executing commands of all the subsystems

Commercial MSP430F5438 [13] ultra low power 16-Bit RISC architecture microcontroller is
used as tile processor which can support up to 25 MHz system clock. The MSP430F5438 has one
active mode and six software selectable low-power modes. An interrupt event can wake up the

device from any low-power modes, service the request, and restore back to low-power mode on
return from the interrupt program. It is an eleven ports microcontroller. A separate subsystem is
attached on each port. These subsystems are called modules, therefore each port on the tile
processor is also called module as shown in figure 4.8. On each module a subsystem of
1B8 CubePMT is connected. One of these module has an optional spring loaded plug and play

male connector . External subsystem with female connector can be connected on this module. Tile

processor has a J-Tag connector for programming and debugging purpose. A single tile module
contains eight digital and two analog signals as shown in the UML class diagram of figure 4.9.
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Figure 4.8: 1B8_CubePMT architecture with respect to Tile processor.

33

swa)sAsqng | NdeanD



4.1 Introduction

0 i
A lcpu : class! lcPu : class

r i
______ i

Figure 4.9: UML class diagram shows the signals of 8-slots (ports) of the tile processor 1B4222
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4.1.3.1 Digital /O

There are up to ten 8-bit I/O ports implemented: For 100-pin options, P1 through P10 are
complete. P11 contains three individual I/O bits [13].
e All individual I/O bits are independently programmable.
e Any combination of input, output, and interrupt conditions is possible

4.1.3.2 Oscillator and System Clock

The clock system in the MSP430x5xx family of devices is supported by the Unified Clock
System (UCS) module that includes support for a 32-kHz watch crystal oscillator (XT1 LF
mode), an internal very-low-power low-frequency oscillator (VLO), an internal trimmed low-
frequency oscillator (REFO), an integrated internal digitally controlled oscillator (DCO), and a
high-frequency crystal oscillator (XT1 HF mode or XT2). The UCS module features digital
frequency locked loop (FLL) hardware that, in conjunction with a digital modulator, stabilizes the
DCO frequency to a programmable multiple of the selected FLL reference frequency. The internal
DCO provides a fast turn-on clock source and stabilizes in less than 5 ps. The UCS module
provides the following clock signals [13]:

o Auxiliary clock (ACLK), sourced from a 32-kHz watch crystal, a high-frequency crystal,
the internal low-frequency oscillator (VLO), the trimmed low-frequency oscillator
(REFO), or the internal digitally controlled oscillator DCO.

e Main clock (MCLK), the system clock used by the CPU. MCLK can be sourced by same
sources made available to ACLK.

e Sub-Main clock (SMCLK), the subsystem clock used by the peripheral modules. SMCLK
can be sourced by same sources made available to ACLK.

e ACLK/n, the buffered output of ACLK, ACLK/2, ACLK/4, ACLK/8, ACLK/16,
ACLK/32

4.1.3.3 Timer (TAO, TA1, TB0)

This device contains 16-bit timer/counters TAO, TA1l, TBO with five, three and seven
capture/compare registers respectively. It can support multiple capture/compares, PWM outputs,
and interval timing. It also has extensive interrupt capabilities. Interrupts may be generated from
the counter on overflow conditions and from each of the capture/compare registers [13].

4.1.3.4 Analog to Digital Converter (ADC)

The ADC12 module supports fast 12-bit analog-to-digital conversions. The module implements
a 12-bit SAR core, sample select control, reference generator, and a 16-word conversion-and-
control buffer. The conversion-and-control buffer allows up to 16 independent ADC samples to
be converted and stored without any CPU intervention [13].

4.1.3.5 Universal Serial Communication Interface (USCI)

The USCI modules are used for serial data communication. The USCI module supports
synchronous communication protocols such as SPI (3 or 4 pin) and I12C, and asynchronous
communication protocols such as UART, enhanced UART with automatic baudrate detection, and
IrDA. Each USCI module contains two portions, A and B.

The USCI_An module provides support for SPI (3 pin or 4 pin), UART, enhanced UART, or
IrDA. The USCI_Bn module provides support for SPI (3 pin or 4 pin) or 12C.
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4.1.4 EPS and ADCS

1B8 _CubePMT Subsystems are divided into two subsystems, EPS and ADCS. EPS will be
discussed in detail in chapter 5 while ADCS will be discussed in chapter 6 and chapter 7.

4.2  Latch-up Protection

The MOSFET devices are normally prone to radiations (latch-up). The latch-up problem can be
solved by using bipolar devices, which are immune to latch-up, since they require an extremely
high energy to trigger this event. But the processors are MOSFET based and required latch-up
protection circuits.

The latch-up protection circuit designed for 1B8 CubePMT is shown in figure 4.10. EN_CPU
is going to enable the power supply of the tile processor. The voltage divider network of resistors
R117 and R116 provides 3.3V to the tile processor. When there is a latch-up occurred, the
B D5 PWM signal from the tile processor connected with C50 will connected to the ground as
the whole tile processor is short to the ground. The voltage on the point A which is connected to
the enable pin of the tile processor is also becomes zero and supply of the tile processor is
disabled. When the latch-up period is passed away, C50 is again charged through R117 from the
PDB. The time for which the tile processor will be off is selected by the R117 and C50 values.
The current draw by the enable supply of the tile processor is 1pA.

PDB

R117 S
R3MEG3 =10

O B_D5_PWM I I | A

C50 R116
C 1u R1

Figure 4.10: Latch-up protection circuit designed for 1B8 CubePMT
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Chapter 5

Tile Level Electric Power Supply

5.1 Introduction

In this chapter we will discuss the design, implementation and operation of all the subsystems
of AraMiS-C1 EPS at tile level in detail. As already discussed that AraMiS-C1 has four power
management tiles (1B8 CubePMT). All of them are identical and have EPS and ADCS
subsystems. Here in this chapter we will discuss just one tile EPS subsystems.

The aim of electric power supply (EPS) unit is to generate, distribute and convert power to
different voltage levels. NanoSatellites dimensions and space environment constraints limit the
design of an ideal EPS system. 1B8 CubePMT is CubeSat standard tile with dimensions 98x 82.5
x 1.6 mm’, have solar panel on one side and all the subsystem components of EPS and ADCS on
the other side. To accommodate such a large number of subsystems in a small space, require to
reduce the dimension of all the subsystems. The main goals in the EPS design are to achieve
higher efficiency and to reduce the size of all components used. Therefore COTS components
were selected for EPS on the basis of power loss analysis and small dimensions [14].

The desired functionalities guide the EPS design. The designed EPS must produce sufficient
energy to supply all the subsystems of the AraMiS-Cl1 satellite. Enough energy has to be stored to
supply the satellite during the satellite night. The EPS must also provide several power outputs
(3V, 3.5V, 5V etc) with stabilized voltages. There should also be different sensors mounted at
different point on the EPS, in order to monitor the operation limits [15].

5.2 EPS Subsystems

EPS of AraMiS-Cl1 at tile levels contains the following subsystems,
e 1B111B Solar panel
e 1B1121D Boost converter
e 1BI121E Bi-directional Load Switch
e 1B114 Batteries
e 1BI115B Over voltage protection
e 1BI1251 Switching & linear regulators and
e 1B121 Load switches
Boost converter steps up the solar panel voltage (4.4V) to power distribution bus (PDB) voltage
level (14V+2V). Maximum power point tracker (MPPT) operates solar cells at maximum power
point. Energy is stored on a single pack of NiCd rechargeable batteries (external to the
1B8 CubePMT module). The pack contains ten NiCd elements each provides 1.2V. Storage
capacity of each NiCd cell is 0.9Ah. Batteries are charged from PDB and provide power to the
1B8 CubePMT subsystems in the absence of solar power. Over voltage protection circuit keeps
the PDB voltage within the operation limits. Switching and linear regulators step down the PDB
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Figure 5.1: EPS Block diagram at tile level

voltage to different voltage levels required for all the subsystem components. Load switches
supply and cutoff power from the subsystems through enable signal from the tile processor.

Housekeeping sensors such as voltage, current and temperature sensors are employed at
different points of the EPS in order to monitor the operation and inform the tile processor in case
of abnormalities. Block diagram of the EPS subsystem is shown in figure 5.1.

5.3 1B111B Solar Panel

Two triple junction GaAs solar cells with 26% efficiency are connected in series. Each cell
generates 2.2V and their series combination provides an output voltage of approximately 4.4V.
Bypass diode is connected in parallel to each solar cell which ensures proper operation of the
single cell in case, one of them is damaged. Single solar cell power/voltage (P-V) characteristics
of the 1B8_CubePMT module are plotted at two different temperatures (25°C & 45°C) as shown
in figure 5.2. With increase in temperature, the performance of solar cell degrades in terms of
output voltage and power. Figure 5.3 shows the photo of 1B8 CubePMT module solar panel side.
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P characteristic of a single solar cell

1 i
14 16 1.8 2
nltana [

Figure 5.2. 1B8_CubePMT module single solar cell photo and P-V characteristics.

Sun Detector

Figure 5.3: Photo of1B8 CubePMT module solar panel

5.3.1 1B111B Solar Panel Fault Tolerance Analysis

Simple fault tolerance analyses have been performed for two series connected solar cells
ofAraMiS-C1. In this analysis, a case of short and open circuits of a single solar cell (single fault)
is considered. The simulation circuit [ 16] of a single solar cell is shown in figure 5.3.
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Figure 5.4. Simulation circuit of a single solar cell.

In figure 5.3 IPH, RS and RP are solar current, series and parallel resistor parameters

respectively. By changing the values of these parameters one can easily simulate solar cells with
different behavior.
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Figure 5.5: Two series connected solar cells (a) Schematic (b) Current and power vs voltage
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Figure 5.6: Two series connected solar cells with one cell open circuit (a) Schematic

(b) Voltage, current and power plots

Figure 5.4 shows output current, voltage and power waveforms for the solar panel of AraMiS-
C1. The output voltage and current for two solar cells connected in series are 4.4V and 388mA at
their maximum power point (MPP). In figure 5.5 schematic and plots are shown (output voltage,
current and power) for two series connected solar cells with one cell open circuit.

5.4 1B1121D Boost Converter

The boost converter is also called a step-up power converter because the required output
voltage is always higher than the input voltage. The polarity remains the same and has no input
output isolation. It has a continuous input and a pulsating output current. Output discontinuous
current is due to the diode which conducts only for a portion of the switching cycle. The output
capacitor supplies the load current for the rest of the cycle [17].

Ideal DC-DC converter is one which converts all the input energy to the output without losses.
But in reality, it is impossible to realize such a system. Practical converters have losses due to
internal resistance of the inductor, ESR of capacitors, MOSFET switching and on resistance,
forward voltage drop on diodes and so on. We have to reduce all these losses to the lowest
possible level in order to increase the overall efficiency of the converter.

Higher efficiency and minimum dimensions are main concerns for any converter. Boost
converter is a type of switching-mode power supply containing two semiconductor switches
(diode and transistor) and at least one energy storage element (an inductor). Our main aim is to
increase the efficiency and reduce the area of the components for the converter. We used COTS
components for our design. Each component for our design was selected on the basis of power
loss analysis in order to achieve minimum power loss and maximum efficiency. This converter is
designed for CubeSat standard power management tiles.

5.4.1 MPPT algorithms

Maximum power point (MPP) of the solar panel is not constant and varies with environment
conditions as depicted in figure 5.2. In order to operate solar cells at MPP, converter with MPPT
are needed. A simple boost converter just connects the solar panel module directly to the batteries.
This forces solar panels to follow the battery voltage, which is not the suitable operating point and
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results in power loss [18]. MPPT boost converter steps up the solar panel voltage to PDB voltage
level extracting maximum power from solar panel according to the environment conditions.

For MPPT, a number of algorithms are used, but the most common are open voltage (OV)
method, perturb and observe (P&O) method, incremental conductance (IC) method, short current
pulse (SC) method and constant voltage (CV) method [19-20]. Each algorithm has some
advantages and disadvantages depend on the application. For the MPPT of 1B8 CubePMT EPS,
the requirement is low power consumption, minimum space occupation and higher efficiency. So
the preferred algorithm is constant voltage (CV) method. It is based on analog devices and does
not require microcontroller for its operation which reduces the space occupation and power
consumption [21-22].

Efficiency of EPS mainly depends on the boost converter. Components responsible for the
efficiency are the boost converter’s input/output capacitors, inductor, diode and MOSFET switch.
Power losses through MPPT components are very low and can be neglected.

5.4.2 Components responsible for losses

This converter is designed for the AraMiS-C1 satellite power management tile, 1B8 CubePMT
which is the most essential module and the boost converter is an integral part of it. The designed
boost converter has one MOSFET, two capacitors, an inductor and a diode. It converts 4.4V to
14V. In MOSFET we have three main power losses. Power loss due to the internal resistance of
MOSFET. Power loss due to the gate capacitance. The third one is due to rise and fall times of the
switch. We analyzed different devices on the bases of these three parameters and selected the best
one. Power loss in capacitors is mainly due to the ESR (Equivalent Series Resistance). In order to
have low power losses in capacitors, we have to select them with minimum ESR values. Lower is
the ESR of capacitor, higher will be the ripple current capability of the component. Similar to the
capacitor, the internal resistance is also responsible for power loss in inductor. Boost converter
efficiency decrease as the inductor internal resistance value increases. As a result, smaller the
internal resistance of the inductor, smaller the power loss will be. The power loss through the
diode is related to the current flowing through the diode and forward voltage drop on it. Due to
the MOSFET on and off switching, current will never flow through the diode continuously. For
this purpose we selected a diode with very low forward voltage drop.

Different components were analyzed in Spice simulations and the best amongst them were
selected on the basis of minimum losses and small dimensions. After selection of proper
components, the implemented MPPT boost converter resulted in 93% efficiency [23].

5.5 The proposed Boost Converter

5.5.1 PSpice Simulation Circuit

The PSpice simulation circuit diagram of the proposed boost converter is shown in figure 5.6.
The whole system is divided into four parts which have two series connected solar cells, boost
converter, driver and load. The two solar cells, simulated with current generators and diodes, are
connected in series. They generates a voltage of 4.2V (each cell provides 2.1V). The boost
converter transforms this 4.2V generated by solar cells to PDB (power distribution bus) voltage
level which is 14V. The boost converter consists of a MOSFET, Schottky diode, an inductor and
two ceramic capacitors. Schottky diode is used instead of a normal silicon diode because it has a
very low forward voltage drop due to hot carrier metal-semiconductor junction. Low forward

44



Chapter 5-Tile Level Electric Power Supply

voltage drop result in less power consumption. Ceramic capacitors also have very low ESR values
as compared to other capacitors results in reduced power dissipation.
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Figure 5.7: PSpice simulation circuit diagram of the proposed boost converter

The boost driver also called Maximum Power Point Tracker (MPPT), operate the two solar
cells at its maximum power point. Comparator hysteresis loop is used to get the maximum power
from the series connections of the two solar cells. Internal hysteresis helps the comparator to
avoid oscillation due to noise signal. In this design a hysteresis of about 400mV is added to the
comparator. PWM DC Converter fixes the reference voltage for the comparator.

MOSFET ON state

During ON state of the MOSFET switch QI is turned on by the control driver and diode D1 is
off. Current flows through the inductor L1 and MOSFET Q1 to ground. In this stage the inductor
stores energy in its magnetic field. On the load side the current flows from the capacitor C2 to the
load. The duration of the on state is Toy = D X T, [24] where D is the duty cycle set by the control
driver, T is the switching cycle. Duty cycle, D is the ratio between 7oy and 7. Current paths and
directions are shown in Satage-1 of figure 5.7.
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Figure 5.8: Power stage-1 of the proposed boost converter

MOSFET OFF state

During this stage the control driver turns off the MOSFET switch Q1 and diode D1 is turned
on. Current flows through the inductor L1 and diode D1 to the output filter capacitor C2 and load.
The duration of the off state is Tprr = (I-D) % T. During this state, current paths and directions

are shown in Satage-2 of figure 5.8.
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Figure 5.9: MOSFET OFF state of the proposed boost converter.

5.6 Boost converter components selection on the basis of power loss analysis

Improper selection of components for the boost converter can lead to useless design.
Components should be selected through a precise and accurate selection method. In this paper,
components for the boost converter were selected on the basis of minimum dimension and losses.
After the selection of proper components and calculation of their losses efficiency was computed
for the whole system.

In this design, components responsible for the efficiency of the boost converter is input and
output capacitors, inductor, diode and transistor switch. Power losses through the driver
components are very low and can be ignored.

Power loss analysis of different components was done and selected the best one with minimal
losses [25].
5.6.1 MOSFET Power Loss Analysis

An n-channel MOSFET is used as a switch in this design. The main advantage of using n-channel
MOSFET is that its properties are close to an ideal switch. It has a very low ON resistance as
compared to p-channel MOSFET and other transistors. In ON state it is almost short circuit due to
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lower Rps (on). While in off state it is an open switch. So power loss is very low in n-channel
MOSFET [26].

MOSFET has three major power losses. Power loss due to drain to source on resistance (Rps
(on)) of the MOSFET when the switch is closed. Gate to source internal capacitance power loss
and third one is due to the rise and fall times of the MOSFET switch.

Different MOSFET devices were used and analyzed on the basis of these three parameters for
the boost converter and selected the best one. These parameters values are given in table 5.1 for
different devices.

MOSFET | MOSFET | Rps(on) | Rise Time | Fall Time Ocs . .

MODEL | TYPE (mQ) (ns) (ns) (nC) Dimensions
IRF7750 | P-Channel | 55 54 210 5.8 3x6.4x1.2
IRLU7807 | N-Channel | 18.2 28 35 7.00 6.7x10.4x2.4
FDP6030B | N-Channel | 24 20 16 3.2 9.5x15.9%4.8
IRF7807 | N-Channel | 25 12 22 2.86 5%6.5%1.75
SI7112 | N-Channel | 8.2 15 15 6.2 3.3x3.3x1.12
IRL7833 | N-Channel | 4.5 50 6.9 13.8 11.4%17.8%4.8

Table 5.1: MOSFET devices tested on the basis of low power loss and small dimensions

5.6.1.1 Conduction Power Loss

Conduction power loss is due to drain to source internal resistance (Rps(on)) of the MOSFET,
when the switch is closed. The lower the value for Rpg (on) the lower will be the conduction
power loss through the MOSFET.

In table 5.1 Rpgs (on) values for different MOSFET devices are given. It is clear that the P-
channel MOSFET have very high Rpg(on) value as compared to N-channel MOSFET. MOSFET
model IRL7833 has the lowest Rpg(on) value, but it is not suitable for the design discussed in this
paper because of higher dimensions. SI7112 was selected for this project because of low
dimensions and comparatively low Rpg(on) value.

The power loss through the Rpg(on) is given by (5-1).

P, =1"riusx Rpg(on)

cond —

(5-1

Where Iy is the root mean square (RMS) value of current through MOSFET and is given by (5-
2) below [27];

(5-2)
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Where [y, is maximum current value through the MOSFET. It is obtained from the PSpice
simulation of the boost converter. PSpice simulation current through MOSFET is shown in figure
5.9.
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Figure 5.10: PSpice simulation current through MOSFET

Table 5.2 shows the conduction power loss and other parameters required for its calculation.

RDS(OH) Dvax Lrus T Ton Peona
(mQ) (mA) (mA) (msec) (msec) (mW)
8.2 864 366 0.074 0.04 1.10

Table 5.2: Different parameters of MOSFET SI17112

5.6.1.2 Gate Power Loss

Charge is accumulated in Gate to source junction capacitor (Cgs) when a MOSFET is switched
on. During on state it allows current to flow from the drain to source junction. A specific amount
of charge is required to accumulate on gate to source junction before the switch is closed. It
depends on the Qgs parameter of the MOSFET. Larger QOgs value will required greater amount of
charge. Similarly during the switching off of the MOSFET, first you have to remove all the
accumulated charge on the gate to source junction. This process results in power loss which is
related with the switching speed of the MOSFET. The power loss in gate to source junction of the
MOSFET during switching is calculated and given by (5-3) [28];

Fouie= QGSVGSf (5-3)
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VGS f
QGS (C) (V) (kHZ) P Gate (mW)
6.2x10” 5 14 0.434

Table 5.3: Different parameters for SI7112 MOSFET gate power loss

5.6.1.3 Switching Power Loss

MOSFET cannot be switched on and off in zero time. Each MOSFET has its own rise and fall
time to achieve the supply and ground voltages. While the device is switched on and off, the
voltage and current are not zero. So there is a power loss associated with the switching of the
MOSFET, we call it rise and fall time or switching power loss. Parameters require for its
calculations are given in table 5.4.

Tyi5e (1) T (0S) Vps (V) Ips (mA) (klj_flz ) P (mW)
15 15 14 366 14 1.08

Table 5.4: Parameters for rise and fall time power loss

The power loss of the MOSFET during the rise and fall time is given by (5-4) below [28];

Py = K(T,i50 + T ) X Vps X Ips X f (5-4)
Where K is a constant factor whose value is from 1/6 up to 1/2. Here we choose it 1/2.

5.1.1.1.Total Power Loss in MOSFET

By adding three losses in (5-1), (5-3) and (5-4), total power loss of the MOSFET is given by (5-5)
below;

Buosrer=Fronat Foare™ Psw (5-5)

C ate

5.6.2 Input and output Capacitor Power Loss

The function of capacitor in boost converter is to maintain a constant voltage level and
minimize the ripples. The equivalent series resistance (ESR), equivalent series inductance (ESL)
and capacitance (C) are the main parameters which limits the output voltage ripples.

Power loss in capacitor is mainly due to the ESR. In order to have low power loss in capacitor,
one has to select the capacitor with lower ESR. Ceramic capacitors have extremely low ESR than
others such as tantalum or electrolytic components. Low is the ESR of capacitor, higher will be
the ripple current capability of the component. Further, the ESR associated with capacitors has a
direct relationship to the capacitor’s ability to deliver energy when needed. So the lower the ESR,
the more efficient the component is.

Apart from ESR we have also to see the capacitor size. In table 5.5 different capacitors are
given along with their sizes and ESR values. First, different Tantalum capacitors were used, but
they have higher ESR values and as a result high losses. The minimum ESR value of a Tantalum
capacitor appropriate for this project is 250m£2, which is still too high and is not suitable. Ceramic
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capacitors have low ESR values as compare to Tantalum capacitors of the same capacitance. Its
ESR is very low and is suitable for this project. The dielectric material for the ceramic capacitor
should be X5R or better. In case of low dielectric material, there will be losses in capacitance due
to DC bias or temperature. So it was decided to use chip capacitor with part number
“C1210C106K3RAC”. It is a ceramic capacitor with temperature coefficient X7R.

ESR value of ceramic capacitors is related with the operating frequency. We found from the
vender datasheets that at 14 kHz (operating frequency), the ESR value for C1210C106K3RAC is
100m as shown in table 5.5.

Caacitor Type | Model Number | COPOCHnee [ Dimensions ] ESR
Ceramic C1206C106K4RAC 10 3.2x1.6x1.6 100
Ceramic C0805C106K4PAC 10 2x1.25x1.25 100
Ceramic CI210C106K3RAC 10 3.2x2.5x2.5 100

Tantalum T491C106K035AT 10 6.0x3.2x2.8 1600
Tantalum T491A106MO16AT 10 3.2x1.6x1.8 700
Tantalum T495X106K035AT 10 4.3x7.3x4 250

Table 5.5: Different Ceramic and Tantalum capacitors dimension and ESR values

Power loss through the input capacitor (Pc;) and output capacitor (Pc;) are given by (5-6) below
[27];

Py, Py =P rusx ESR (5-6)

Irys of input and output capacitors can be obtained from (5-2), while the maximum value of
current for these capacitors are obtained from the PSpice simulation and is given in table 5.6.
PSpice simulation current through input capacitor is shown in figure 5.10.

417mA;

250mA;

-250mA.

-488mA. I I I I I I I I I I I I I I I I I I I I
1.52000ms 1.53000ms 1.54000ms 1.55000ms 1.56000ms 1.57000ms 1.58000ms 1.58968ms

Figure 5.11: PSpice simulation current through input capacitor (C1)
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(mA) (mA) (mA) (mA) (mW) (mW)
875 564 762 324 32 10.5
Table 5.6: Parameters for input and output capacitors power loss.
5.6.3 Inductor Power Loss

In boost converter, the function of inductor is to maintain a constant current or to avoid abrupt

change in current. Inductor stores energy in its magnetic field due to the flow of current and de-
energize when the input current value decreases, in order to maintain constant current.
Internal resistance is responsible for power loss through the inductor. The boost efficiency
decrease as the value of internal resistance increases. As a result, the smaller the internal
resistance of the inductor, the smaller the power loss will be. Internal resistance is associated with
the size of the wire gauge of the inductor. As the wire gauge increases the internal resistance
decreases which allows more current to pass through the inductor.

When ac voltage is applied across the inductor, power is also dissipated in the inductor’s core,
called core loss. But in our design we are not concern with core loss because we are not working
on ac voltage. Parameters for inductor power loss are given in table 2.7.

Different inductors were analyzed and inductor with part number 513-1050-1-ND was selected
for this project. It has an inductance value of 47uH and an internal resistance of 71.9m€Q. The
power loss through the inductor is given by (5-7) below [28];

P = IzRMS X Rinternal (5-7)

]RMS Rinternal P L
(mA) (mQ) (mW)
452 71.9 14.7

Table 5.7: Parameters for inductor power loss.

5.6.4 Diode Power Loss

Power losses in a power diode are [29];
e Conduction power loss
e Switching power loss
e Reverse leakage current power loss
Conduction power loss is due to the forward voltage drop on diode. Switching losses occurs
when a diode switch from conducting state to off state or vice versa. These states changes
normally take some time which results in power loss. Power diodes also conduct current when
reversed biased. This reverse leakage current results in power loss which is temperature
dependant.
Schottky diode is used instead of a normal silicon diode because it has a very low forward
voltage drop due to metal-semiconductor junction. Low forward voltage drop result in less power
consumption. In low voltage applications switching losses are almost zero in Schottky diodes.
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5.6 Boost converter components selection on the basis of power loss analysis

Reverse leakage current losses are also negligible in these diodes. So we considered only
conduction power losses in Schottky diodes.

Schottky diode B320A with a forward voltage drop V»=0.35V is selected for this project. Power
loss through diode [29] is only conduction losses and is given by (5-8).

PD =Iavg><VF (5—8)

Where 1,,, is the average current through the diode which is obtained from PSpice current
simulation through the diode. Parameters for the diode power loss are given in table 5.8.

Iavg VF P D
(mA) V) (mW)
122 0.35 42.7

Table 5.8: Parameters for diode power loss.
5.6.5 Total Power Loss

Total power loss through the boost converter is obtained by adding power losses through the
individual components, is given by (5-9). Power losses and dimensions of the components used in
boost converter design are given in table 5.9.

Fross = BuosrertFor + For +FL + By S
Selected Components Losses (mW) Dimensions (mm’)
MOSFET, SI7112 2614 3.3x3.3x1.12
(Q9)
I t it
nput Capacitor 32 Package 1210
(Cs2)
Output Capacitor 105 Package 1210
(Cs3)
I
nductor 14.7 12.50%12.50%7.00
(L)
DIOd?})B)nOA 4.7 2.896x4.597x2.438
7

Table 5.9: Selected components for the boost converter on the basis of power losses and
dimensions.

5.6.6 Boost converter simulation results

Efficiency of the boost converter depends on the losses in the converter. Lower the losses
higher will be the efficiency [30]. Power flow of the converter is given by (5-10)

B, =P, +Foss

out
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Where P, is the input power, P, is the output power and P,gss is the power wasted inside the

converter calculated in the previous section.

Input power to the boost converter (P;, ) is fed from the solar cells. PSpice simulation circuit
diagram of the proposed boost converter is shown in figure 5.6. Two solar cells supply an input

current of 0.382mA and total voltage of 4.2V. P;, is given by (5-11).

(5-11)

S

Iin

Output power of the boost converter (P,,,) is obtained from the PSpice simulations of the output

voltage (V,) and output current (/,) waveforms are shown in figure 5.11 and figure 5.12

respectively. P,,, is given by (5-12).

(5-12)

B)ut = Iol/o

e et

R S T — p——

SR SRS W S

e S

Nepecohecqeoapoagessposdeenpanageecys

. N -

r—a-—-—r--

ov

7.0ms

€.0ms

4.0ms

3.0ms

.Oms

1.0ms

0s

Time

Figure 5.12: Output voltage waveform of the Boost converter PSpice Simulations
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Figure 5.13: Output current waveform of the Boost converter PSpice Simulations

Efficiency (7) is the ratio between output and input power. There is no perfect DC-DC
converter, which has zero losses and 100% efficiency. Efficiency is given by (5-13);

P
Y%n=—=x100 (5-13)
B,
Boost converter discussed in this paper, achieved an efficiency of 93% by using suitable low
loss components and circuit techniques. Powers and efficiency values of the boost converter are
given in the following table 5.10.

Pin PLOSS P our .
(mW) (mW) (mW) Efficiency (n)
1604 103 1498 93%

Table 5.10: Power and efficiency values of the converter.
5.7 Implemented Boost Converter

After achieving the desired simulation results, the boost converter was implemented using the
selected components as the schematic is shown in figure 5.13. A brief operation of the MPPT
boost converter is described here. Solar panel charges boost converter input capacitor (Cs,).
Voltage on C32 is scaled by the resistive divider network (R30 and R32) and applied to the non-
inverting input (IN+) of the comparator (U7) [31]. A constant voltage of 2.9V was applied to the
inverting input (IN-) of the comparator through the pads of the resistors R80 and R89 as shown in
the schematic of the implemented boost converter of figure 5.12. For the inverting input voltage a
PWM-DC-converter block can also be used, but for the testing purpose a constant voltage was

applied. When voltage on C32 becomes 4.165V, IN+ terminal voltage of U7 becomes 3V (greater
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than the inverting input (IN-) voltage (2.9V)), the output of U7 goes high and turns on MOSFET
(Q9). During this stage C32 discharges through inductor (L2) and Q9 to GND. When C32 reaches
3.835V, IN+ terminal of U7 goes below IN- terminal and turns off Q9. During this stage, once
again C32 voltage increases and when reaches 4.165V, the cycle repeats as shown in figure 8.3.
The input and output voltage waveforms of the boost converter are shown in figure 8.4.

The Switching of U7 at two different input voltage limits V= 4.165V and V; =3.83V is due to
hysteresis window (Vyp) set by the resistive network (R3y, R3; & Rj3;). Usually internal hysteresis
is designed into comparators which keep them away from oscillation due to noise signal [32].
Here an external hysteresis is generated by resistive network and is used to switch the comparator
at two different input voltage levels. Charge and discharge of Cj;, from the solar panel after a
definite interval depends on the hysteresis window (V) define by the comparator resistive
network Rj,, R3; and Rj,. The suitable V3 for the designed boost converter is 330mV at V. = 4V.
Here by selecting R;;=26.7KQ, one can find Ry = 2.2kQ from (5-14) :

SOLAR_POS

D7

PDBINT
= rm 2 -
D
+ — (33
2 | :ﬂ A o B
SOLAR_NEG
5
3v3 =
SOLAR_POS <? _L
GND
WM_IN B .
Co—fpwmm oc_ou igLAR_POS
B Q12
PWM_DC_Converter Vit
STAT \ik
-] NC N 1)
SOLAR_POS u7 ouT —
O— W Ne 1 1o 2
R30 R32
GND Qi3
— 3
R31 GND
D
Disable | o
D—G{ A as oND
s
GND
Figure 5.14: Schematic of the implemented boost converter
Vs
Rs =R31[V (5-14)
cc
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5.7 Implemented Boost Converter

Reference voltage (V) value for the comparator can be found from (5-15):

Vy > V,ef[l +%J
cc

(5-15)

Here V,,,< 3.8V, and is fixed to 3V. R;, found using (5-16) is 5.6kQ.

1

K o Rw]_[ngoJ_[Rlslﬂ (5-16)

In figure 5.13 transistors Q;; and Q;; drive MOSFET Qy in order to provide the V. and ground
voltage levels on switching of U7. Transistor Q5 disables the boost converter on a disable signal

from tile processor. Figure 5.15 shows the UML class diagram of the implemented switching
boost (1B1121D).

Ry =
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st Pamdg o UML Standard Eddion] P o rers T oS- Seyrrica | o

o .

SLOT_A: class| IHK_MPPT : Ushort

SLOT_B ! class| |CONFIG_STATUS ! byte
_B : class]

e [ S o gt N SRR )
S>>
Bk1B1121DW Primary Switching Boost V1
+V_SOLAR : float const =0.125
+5ENS | BOLAR : float const = 0.125
+SENS_PWM : float const = 13.5
+5ENS_V_PDB : float const=4.0
+5ENS | BOOST : float const = 4.0

<<pin>> + MODULE_A(}
<< pin>> +MODULE_B(}
<<pin>> +SOLAR_POS(}
<<pin>> +30LAR_NEG(}

!

<< ANAZ=>

Bk1B1121D_Primary_Switching_Boost
<<pin>> +SOLAR_POS()
<<pin>> +SOLAR_NEG()
<<pin=>> +PDBINT(}
«[ﬂ'l” 4-3\{3{}
<<pin== +GND{)
<<pin== +AGND{)
<<pin=> +DISABLE(val : bool)
<<pin=>> +PWM_IN()
<<pin>> +V_SOLAR(}
<<pin>> +|_SOLAR(}
<<pin=>> +%_OUT(}
<<pin=>>+_OUT{}

<<Electronic Module>>
<< ANAZ=
1B1122_PWM_DC_Converter
{SUPPLY_VOLTAGE_MIN = 3}
{SUPPLY_VOLTAGE_MAX= 3.6}
{SUPPLY_CURRENT_NOMINAL = 26e-6)
{TOLERANCE = 0.01}
-MOMINAL_VOUT : float const=2.6
~MAX_WOUT : float const = 3.07
-MIN_VOUT : float const=0.83
+/CC_3V3()
+GND()
+PVWM_IN()
+DC_OUT()

Figure 5.15: Primary switching boost UML class diagram.

5.8 1B121E Bi-directional Load Switch

Batteries are connected to the PDB through bi-directional load switch. This switch charge the
batteries from the PDB when solar power is available, while in absence of solar power batteries
provide power to the PDB through the bi-directional load switch. This switch is enabled from the
tile processor. Schematic of the load switch is given in Appendix A.
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5.9 Batteries

5.9 Batteries

Energy is stored on a single pack of NiCd [33] rechargeable batteries (external to the
1B8 _CubePMT module). The pack contains ten NiCd elements each provides 1.2V. Storage
capacity of each NiCd cell is 0.9Ah. Batteries are charged from PDB through bi-directional load
switch and provide power to AraMiS-C1 satellite in the absence of solar power. A pack of 10
NiCd batteries is shown in figure 5.16.

Figure 5.16: A pack of 10 NiCd batteries used on AraMiS-C1
5.10 1B115B Over Voltage Protection

Over voltage protection circuit keeps the PDB voltage within the operation limits. For this
purpose two series connected zener diodes were used. Each of the diode has a break down voltage
limit of 10V and their series connection keep the PDB voltage below 20V. The schematic is
shown in Appendix A.

5.11 1B1251 Small Power Regulators

The PDB voltage level has to be down converted to low voltage levels (i.e. 3V, 3.3V and 5V)
used by different subsystem components. For this purpose, 1B8 CubePMT has two linear and
two switching regulators. Linear regulators have small dimensions and require little number of
auxiliary components but they have lower efficiencies and hence high power losses. Linear
regulators result in low power losses when, either there is a low voltage difference between input
and output of the regulator or low current is drawn from the regulator. Switching regulators have
higher efficiencies but have higher dimensions and require more auxiliary components [34]. The
choice between linear and switching regulators depends on the application. Figure 5.17 shows the
UML class diagram of small power regulators (1B1251).
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i Pamgdom fes Eymrta] B alDA R e Tadrr e Bhibeest @000 TS Es T T A
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#VCC_5V()
+GND(}

Figure 5.17: Small Power Regulators UML class diagram

5.11.1 1B1252A 3V Reference Regulator

One linear regulator is used for the 3V reference voltage supply. It steps down 5V input to
3V reference voltage. Output current and input/output voltage difference is low which results in
negligible power loss, therefore a linear regulator is used. It is enabled from the tile processor.

The schematic of the 3V reference voltage supply [35] is shown in figure 5.18.
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Figure 5.18: Schematic of the 3V reference voltage supply

5.11.2 1B1254C 3.3V Linear Regulator

Second linear regulator converts PDB voltage to 3.3V. This regulator gives supply to tile
processor. The input/output voltage difference is high but the supply current is very low (312puA
in active mode), which results in negligible power loss. The purpose of using separate regulator
for tile processor is to make it independent on other subsystems and whenever PDB is available,
the tile processor is ready for its job. This regulator is enabled from the PDB. The schematic of
the 3.3V supply [36] is shown in figure 5.19.

PDB REG_LT1761-3.3
U26 VCC_3V3
: : (-
- C53

EN_3V3 C10n C51
= 2 : — ciou

— C55 > T

Clu

Figure 5.19: Schematic of the 3.3V voltage supply

5.11.3 1B1254B 3.3V Switching Regulator

One switching regulator provides 3.3V to all the subsystem components except the tile
processor (separate 3.3V regulator is used for tile processor). High current is drawn from this
supply; therefore a switching regulator is used. It converts PDB voltage level to 3.3V and enables
from tile processor. The schematic of the 3.3V voltage supply [37] is shown in figure 5.20.
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PDB
REG_LTC3631-3.3 | 1q0,
u27 L5 VCC_3V3
EN_3V3 Vin sw amn D
ID RUN Vout|
NC
csa — N.—C HYST ss.—& | 52
T —Iset T
C2.2u GND C10u

Figure 5.20: Schematic of the 3.3V voltage supply

5.11.4 1B1253B 5V Switching Regulator

Second switching regulator provides 5V to all the subsystems components. Again a high
current is drawn; therefore a switching regulator is used. It also converts PDB voltage level to
3.3V and enables from the tile processor. The schematic of the 5V voltage supply [37] is shown in
figure 5.21.

PDB
r REG_LTC3631-5 L100u
u28 L4 VCC_5V
EN_5V vin W [,
@ RUN Vout
NC

C49 — N’—C Iset HYST—QNC — 35
C2.2u T ow C10u

Figure 5.21: Schematic of the 5V voltage supply
1B8 CubePMT regulators testing results are given in chapter 8.
5.12 1B121 Load Switches

In order to control the power consumption of the subsystems, load switches are mounted at the
input of each subsystem. These switches supply and cutoff power from the subsystems through
enable signal from the tile processor. There are two types of load switches on the 1B§ CubePMT
module. One is for high voltage (PDB) supply and the second is for low voltage (5V/3.3V/3V).
The schematic of the load switch is given in Appendix A.

5.13 Housekeeping Sensors

For housekeeping and monitoring purposes, the 1B8 CubePMT module incorporates voltage,
current and temperature sensors. These sensors are mounted at different points on the module. In
case of anomalies, the tile processor takes necessary actions to protect system from any possible
damage.
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5.13.1 1B131B & 1B131C Voltage Sensors

1B8_ CubePMT module consists of two voltage sensors having voltage limits 10V (1B131B)
and 20V (1B131C). These sensors constantly monitor the output voltage of solar panel and boost
converter. UML class diagram of 1B131 voltage sensors is shown in figure 5.22. Schematics of
the 10V and 20V voltage sensors mounted on the output of the solar panel and PDB are shown in

figure 5.23.

e Pamdg for UML G aigphid fon{Palfecmcn o Tasng D

=< Flactronic Module>>
= S =
Bk1B131_Voltage Sensor
{TOLERANCE =0.01}
{BANDWIDTH = 159}
{OUTPUT_RANGE = 2.5}
{OUTPUT_IMPEDANCE = 100a3}
{TEMPERATURE_MIN = <40}
{TEMPERATURE _MAX =125}
{TEMPERATURE_MINSTORAGE = -35}
{TEMPERATURE_MAXSTORAGE = 175}
{TEMPERATURE_SOLDERING = 300}

= pin == +WIN()
<<pin>> +VOUT()
=<pin=>> + AGND()}

|
|
|
lHK_INDEX : ushort|

? FS.LCIT ! dass-i ’_ELDT ! dass}
|GHAN : by't&_! |CHAN : byt&_!
=< AN A =AML=
<< Electronic Modula>> << Electranic Module>>
o G = e S =

Bk1B131C_WVoltage Sensor
{INPUT_RANGE = 20}
{INPUT_IMPEDANCE = 940a3)

Bk1E131B_Voltage Sensor
{INPUT_RANGE =10}
{INPUT_IMPEDANCE = 52323}

+3ENS VOUT : float const = 01277

+5ENS VOUT : float const = 0.254

Figure 5.22: UML class diagram of 1B131 voltage sensors
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Figure 5.23: Schematic of voltage sensors (a) 10V (b) 20V
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Analog output voltage (V) connected to ADC of tile processor, is given by (5-17);

"R+ Ry (5-17)

By observing schematic from the output side, it behaves as a low pass filter. The sampling
frequency (fiamping) 1s set by the value of C1 and R., (R17//R29). In order to avoid aliasing, the
criteria given in (5-18) should be satisfied;

amplin sz;
Pling= S 0O R, (5-18)

e

From (5-18) it is evident that fi,ine > 321Hz in order to avoid aliasing. Figure 5.24 shows that
ADC internal circuit of the MSP430 microcontroller, has a internal resistor (R;) and a capacitor

(G

MSP430
Vin  Requ ADC_Vin s Rj
- AN
99K |
Cl 10” Ci _ zop

! !

Figure 5.24: Equivalent circuit of 10V voltage sensor attached on MSP430 ADC pin

R; has a small value around 102 and can be neglected, while C; is coming in parallel with C,
and can add error. It shifts sampling frequency point and can add aliasing to the system. To avoid
aliasing, a suitable value of C; should be chosen. The charge distribute between C; and C;: when
switch is open charge at C; (Q;) is zero and at C;(Q)) has the total charge Q; as given in (5-19):

Q0 =CF;=C;x0=0
0=Gr=0 G-19

When switch (SW) is closed, C;start charging from Q,. During transitional state the two capacitors
are at the same voltage as given by (5-20):

Q =GV, =AQ
(5-20)
O =0-A0=0GF,
Where V, is the C; voltage after SW closing and is given by (5-21);
G
V.=V, 1
x 7 C +C (5-21)

In order to find out the relative error introduce by C;, compare the difference (V;-V,) with original
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signal V;, given by (5-22):

eV = = = i (5‘22)
LN 4 G+G

In order to reduce the error, C,; should have a very high value as compared to C;. MSP430 with
12bit ADC and supply voltage of 3.3V has a quantization error 0.0805%. The voltage error (e,;)
should be smaller than the quantization error (0.0805%). It reflects that C; value should be very
high as compare to C;, in order to keep the error smaller. The selected C; value is 500 times
greater than Ci.

5.13.2 1B132A & 1B132D Current Sensors

1B8 CubePMT contains two current sensors that monitor the solar panel output (1B132A) and
output of boost converter (1B132D) having maximum current limit of 625mA and 152mA,
respectively. Figure 5.25 shows the UML class diagram while figure 5.26 shows generic current
sensor schematic where output voltage (V) is connected to the ADC of the tile processor and is
given by (5-26) [38];

e Pamdgm for UML S awrpebSdinn|Paltecnco & Tasng g Hevoreca
=< Electronic Modula>>
<2 S =
Bk1B131_Voltage_Sensor
fTOLERANCE =0.01}
{BANDWIDTH = 159}
{OUTPUT_RANGE = 2.5}
{OUTPUT_IMPEDANCE = 100a3}
{TEMPERATURE _MIN = <40}
{TEMPERATURE _MAX = 125}
{TEMPERATURE_MINSTORAGE = -55}
{TEMPERATURE_MAXSTORAGE = 175}
{TEMPERATURE_SOLDERING = 300}

|HK_INDEX : ushort

= pin == +VIN{)
<<pin>> +YOUT()
<< pin=> + AGND{)
T FS.LDT ! dass-l ’_SLDT ! dass]
!E HAM ! byte_! !PHAN : byt&_!
< AN A o ANA>>
<< Electronic Mod ule>> << FElectranic Module>>
B == e S =>
Ek1B131C_Voltage Sensor Ek1E131B_Voltage Sensor
{INPUT_RANGE = 20} {INFUT_RANGE =10}
{INPUT_IMPEDANCE = S40a3} {INPUT_IMPEDANCE = 523e3}
+5SENS VOUT : float const = 01277 +SENS VOUT : float const = 0.254

Figure 5.25: UML class diagram of 1B131 Current sensors
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Figure 5.26: Current sensor of 1B8 CubePMT module (Mentor Graphics schematic).

R_out

Solar_Panel

By observing schematic in figure 5.19 from the output side, it behaves as low pass filter. The
sampling frequency (fsumpiing) 1S set by the value of C out and R _out. In order to avoid aliasing,

criteria in (5-24) should be satisfied:

oL (5-24)

.fsampling2 x
27ZC70WR7 out

5.13.3 1B133A Temperature Sensor

1B8 CubePMT module has one temperature sensor which is a glass protected NTC thermistor
and has a temperature range from -30°C to 70°C. Output voltage of the sensor is linearly
proportional to temperature. Its resistance range varies between 2.2k ~100k€2, highly accurate
with 1% of tolerance. Output voltage of the sensor is linearly proportional to the temperature.
Mentor Graphics schematic of the implemented temperature sensor is shown in figure 5.27 while
UML class diagram is shown in figure 5.28. Temperature versus output voltage and power curves

of the temperature sensor are shown in figure 5.29.
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Figure 5.27: Schematic of the temperature sensor
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Figure 5.28: UML class diagram of 1B33A temperature sensor
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Figure 5.29: Temperature versus voltage and power curves of 1B133A Temperature Sensor
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5.14 AraMiS-C1 Power Budget

5.14.1 Power Sources

The only power source of AraMiS-C1 are the four solar panels, which cover as many faces of the
satellite. Each solar panel is about 2x70x40mm” that is 5600mm>.

Sun power density at LEO is about 1362 W/m?, and the average persistence of satellite in the day
is about 60%. By taking into account that only one or at most two panels are exposed at a time at
sunlight.

e When one panel, it is perpendicular to sunlight and has an equivalent panel surface of
5600mm’, average power from sun is about 7.63W. Average efficiency of the solar cell is
26% which gives 1.98W power at output terminal.

e  When two panels are 45° from sunlight, the total equivalent panel surface, taking into
account their size and their average inclination is about 7840mm’. Optical power from the
sun is10.678W. Average efficiency of the solar cell is 26% which gives 2.77W power at
output terminal.

5.14.2 Energy Storage

Energy is stored on a single pack of NiCd rechargeable batteries. This pack contains ten NiCd

element each 1.2V, for a total of 12V. Battery capacity of each NiCd is 0.9Ah. Maximum
available energy is then 10.8Wh, equivalent to 38.9klJ.
All these batteries are charged from the power distribution bus which in turn is charged from the
four solar panels via an hysteretic switching boost converter. Efficiency of the boost converter is
93%, therefore 1.84W is the expected average power available at the PDB, which is used to
recharge batteries. Expected recharge time is therefore for the single cell is 5.8h for the whole
system is 58h. Worst case efficiency (discharge energy/charge energy) of battery, over the
temperature range and radiation environment is 80%. It results an average power available for all
electronic systems of 8.64W.

5.14.3 Power Sinks

AraMiS-C1 is designed for low power consumption. All components have been chosen in
commercial low-power domain. Typical power consumption of the tile systems (power
management tile, communication tile and payload) is summarized in table 5.11, where both peak
and average power are measured respectively. Subsystem that consume high power such as in the
case of magnetorquer subsystem given in table 5.12, the solution is to keep the other subsystems
either in idle state or completely switched off when magnetorquer subsystem is active.
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Power Total active| Av
. Duty cycle when Number of &
Subsystems Power sink . Power |power
(%) active Subsystems mw)  |mw)
(mW)
Magnetometer 1 89.3 4 357.2 3.572
Power Gyroscope 5 45 4 180 9
Management
Tile Housekeeping Sensors 5 5 4 20 1
Tile Processor 100 5.5 4 22 22
UHF Communication
. 8.33 50 1 50 5
(Receive Mode)
S-Band Communication
2.4GHz receiver 8.33 50 ! 50 3
Communication| Stanflar.d telemetry
Tile trans.mlssmn, 435MHz: 113 5600 | 5600 185
active max. 2s every
minute
Standard telemetry
ission, 2.4GHz:
transmission, 2.4GHz: | 5 55 3000 I 3000 | 100
active max. 2s every
minute
Payload 100 5 1 5 5
Table 5.11: Peak and average power of AraMiS-C1 subsystems
Power Sink Activation time per Energy
M t Syst .
agnetorquer System W) month (s) (joule)
Magnetic Torque Actuator 0.254 21 5.59
M t il
agnetorquer Col 1.35 21 83.7
(Four coils in series)

Table 5.12: Energy per maneuver for the magnetorquer system of AraMiS-C1

69




5.14 AraMiS-C1 Power Budget

5.14.4 Budget Verification

The NanoSatellite power budget can be verified by satisfying the criteria concluded in the
following three steps.

1. Peak power consumed (P,.k) by all the subsystems should always be less than the
maximum power available from the batteries (Pmax pat)-

2. Average power consumed (P,,) by all the subsystems should always be less than the
average solar power (Pglar ave)-

3. Energy required per satellite night (E,;.n) should always be less than the battery energy
storage (Egore).

Power budget calculated for AraMiS-C1 is given in table 5.14.

Peak Power Consumed (Ppcax) 5.627TW

Average Power Consumed (P,y,) 335.57TmW
Energy/night (Eyign) 1.19kJ

Peak Solar Power (Pgoar peak) 2.7TW

Average Solar Power (Pgoar avg) 1.98W

Battery Energy Storage (Egr) 38.9kJ

Battery Maximum Power (Pyax bat) 10.8W

Battery Energy Life Cycle (LChatery) 4.3years (500cycles)
Packet Energy (S-band @ 500kbps, 256 Bytes) 4.096m)]

Packet Energy (UHF @ 9600bps, 256 Bytes) 213.3m]

Table 5.13: Power Budget of AraMiS-C1

Maximum power (5.6W) is consumed during active UHF transmission. During this stage all
other subsystems are switched off except tile processor and payload. The power consumed during
this stage is peak power given in the above table. Satellite orbit period is 100 minutes, and about
40% of the total time, it remains in dark zone. The enegy consumed per night is 1.19kJ. Battery
energy storage is 38.9kJ which results in battery energy life cycle of 4.3 years.

Ppeaks Pave and Enpigy are less than Prax bat, Psolar ave and Egiore Tespectively as clear from table 5.13.
Power budget calculated for AraMiS-Cl1 satisfy the power budget criteria. This means that EPS of
AraMiS-C1 will guarantee nominal operation without troubles.
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Chapter 6

Attitude Determination Sensors (ADS)

6.1 Introduction

Attitude determination and control system (ADCS) is the fundamental element for successful
mission in modern satellites. The ADCS can be further subdivided into two different subsystems,
Attitude Determination System (ADS) and Attitude Control System (ACS). The ADS provides
adequate satellite orientation information to the tile processor. The tile processor compares the
present attitude with the predefined state and compute the time and amount of torque. This
comparison output is then used by the ACS which rotates the satellite into desired direction.
ADCS block diagram is shown in figure 6.1.

— Disturbances

\ Attitude
Determination

System

Attitude Control | On-boarb
System Processor

Figure 6.1: ADCS block diagram.

In this chapter we will discuss three types of attitude sensors designed for AraMiS-Cl1.
6.2  Attitude Determination System

The most commonly used references for satellite attitude determination are the sun, the center
of the Earth, a known star or the magnetic field of the Earth [39]. Due to constraints on budget,
size and power consumption for 1B8 CubePMT, inexpensive COTS components and unique
algorithms has been utilized for reliable attitude determination. 1B8 CubePMT has three types of
attitude sensors which are:

e  Sun directional sensor
e Two-axis magnetometer and
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e Gyroscope.

1B8 CubePMT is mounted on the external four faces of AraMiS-Cl. Table 6.1 shows the

number of attitude sensors in each axis of AraMiS-C1 satellite.

Type of Attitude Number of attitude sensors in each axis
Sensor X-axis Y-axis Z-axis
Magnetometer 2 2 4
Gyroscope 2 2 0
Sun Sensor 2 2 1

Table 6.1: Number of attitude sensors in each axis

6.2.1 1B235 Sun Sensor

Solar cell CPC1822 is utilized as sun detector [40]. It is a monolithic photovoltaic string of
solar cells. In presence of sun or artificial light it generates a voltage at its output which is
sufficient to drive ADC of tile processor. Sun sensor was tested at AMO (solar simulator available
in our laboratory), has an open circuit voltage of 4.75V and short circuit current of 75uA. Output
resistor keeps the output voltage value within the range of tile processor (0V~2.5V). Figure 6.2
shows schematic of the sun sensor. The open circuit voltage of a solar cell is proportional to the
cosine of the angle of incident light as given in (6-1). Schematic of sun sensor is shown in figure

6.2.

Vo =Viux c0sO)

Where V.x = 1.65V +/- 20%.

W

NG SUN_SENSOR
- —
NC 2 7

] e

P P o

NC NC

o >

CPC1822 ‘&
AGND

Figure 6.2: Schematic of sun sensor.
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6.2.2 Magnetometer

In LEO satellites, interaction with earth magnetic field is a significant means of controlling
orientation. Magnetometers are extensively used as attitude sensor for NanoSatellites because of
their low-price, light weight and low power consumption [41]. Magnetometer measures the earth
magnetic field and tile processor compares it with the predefined values.

6.2.3 Magnetometer technologies

Due to the widespread utilization of small magnetic sensors in the field of automobile,
aerospace, mobile phones, medical devices etc, for different purposes, they are continuously
evolving. At the moment, numerous types of magnetic sensor technologies are available in the
market for geomagnetic field mapping. They may be categorized according to the magnetic
properties, applications, measurement capabilities (vector or scalar) etc.

Amongst different technologies, the commercially available (COTS) magnetic sensors are
AMR (Anisotropic Magneto Resistance), FG (Fluxgates), GMR (Giant Magneto Resistance), MI
(Magneto Impedance) and TMR (Tunnel Magneto Resistance) or SDT (Spin Dependent Tunnel).
Fluxgates are able to measure the magnetic field in the range of mT~nT and have frequency
operating range from DC to several kHz. They are vector magnetometers with dynamic range of
+64000nT. These features reflect that Fluxgates have excellent magnetic properties but the
problem is that, they are heavier (500mg) and consume high power (2W) which makes them
incompatible with 1B8 CubePMT tile. Secondly, they are expensive and available from few
manufacturers. GMR also have good sensing properties and repeatability but they posses high
hysteresis (up to 10%) and thus their use for low magnetic field sensing is not trivial. TMR has
good sensitivities, high magnetic field range and good resolution. But the problem is that TMR is
a new developed, immature technology and COTS are not very widely spread yet. AMR sensors
are the one with a long commercial history. They are not expensive and COTS are easily available
in the market. They achieved higher maturity in the field of automotive and mobile
communications. Commercially available AMR sensors produced by Honeywell (HMCxxx
series) have high dynamic ranges (hundred of pT), high resolution (in the order of InT) and
higher sensitivities in the order of 10mV/mT/V 4, with Set/Reset pulses [42-43].

6.2.4 1B221 Magnetometer

Keeping in mind the advantages of AMR technology, magnetometer sensor used on
1B8 CubePMT module is Honeywell HMC1002 magnetic two-axis sensors, designed for low
magnetic field sensing. The HMC1002 sensor utilizes Honeywell’s Anisotropic Magneto
Resistive (AMR) technology. It has very high sensitivity and is reliable sensor for low magnetic
field measurement. It measures the magnitude of earth’s magnetic fields in the range -2~2 G [44].
UML class diagram of the 1B221 magnetometer is shown in figure 6.3.
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Figure 6.3: UML block diagram of the 1B221 Magnetometer
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Figure 6.4: Schematic of the magnetometer subsystem.

1B8 CubePMT magnetometer subsystem schematic is shown in figure 6.4. It comprises of
magnetic sensor HMC1002, conditional circuit and a set/reset circuit. Here, it is assumed that the
incident magnetic field is in the range of -0.625~0.625 G [45]. The conditional circuit converts it
to the ADC dynamic range (0 ~ 2.5V). HMC1002 has a Wheatstone bridge to measure the
magnetic field. It converts any incident magnetic field in the sensitive axis directions to
differential voltage outputs, which is given by (6-2);

V,=0UT(A+)—OUT(A-)
(6-2)
Vs =OUT(B+)— OUT(B-)
Where V, and Vj are the differential output voltages of two Wheatstone bridges. The two
Wheatstone bridges have identical features, therefore measurements will be done only on ¥, and
will be valid for Vpalso. From the Wheatstone bridge V, is obtained using (6-3);

Vi=Ky B +V,y (6-3)
Where K}, is the magnetic sensitivity of each bridge in mV / G, V,; is the bridge offset voltage
in mV and B, is the magnetic field measured by the bridge 4 and expressed in G. All the three

parameters have maximum, typical and minimum values. So V, will also have three ranges as
given in (6-4);
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6.2 Attitude Determination System

Va max =Ky pax-Be vax +Vop max
Vi rvp =Ky 1ve-Be 1vp+Vopr 1vpe
(6-4)
Vi vun =Knr avan-Be san Vo avn
These parameters values given in HMC1002 datasheet are described for 8V supply. In case of
5V, the relative maximum and minimum values obtained for V,; by linear interpolation are 18.75
mV and -37.5mV respectively. By inserting these values in (7), the resultant values of V; y.x and

V4 v are 31.25mV and -50mV respectively. When ¥V, is applied to the instrumentation amplifier,
output is given by (6-5),

MAGN X =V xAp+Vppr (6-5)

Where Ap is the differential gain and Vg is offset voltage of the instrumentation amplifier.
Desired values of gain and offset are obtained by imposing conditions given in (6-6),

(6-6)
VA - VA_Z\MX :>MAGN_X - Z.SV
Rearranging the above equations, results in (6-7);
(6-7)

The values obtained for gain, 4, =30.77 and offset voltage, Vzz-=1.538V of the instrumentation
amplifier (AD623). External resistors R, and R; can be found using (6-8) as provided in AD623
datasheet [46].

100K
Ap=1+—"2° ]
D RG (6-8)
The values of these resistors are given by (6-9):
Ry =R = 100K 3 36k (6-9)
Ap—1

The values used for R, and R; are 3.3KQ. Thus, gain of the amplifier will slightly change
(Ap=31.3). The resulting reference voltage Vzzr, obtained by voltage divider resistors Ry and R
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(similarly between Rsand R;,) in figure 6.4. These resistors have values 1kQ+1%. The nominal
value obtained for the offset voltage is given in (6-10):

& =1.5V (6-10)

Veprp=REF 3V.
10 T
It slightly deviates from the desired theoretical value. It is thus possible to obtain three different
dynamic values of the output signal from magnetometer, depending on whether the sensor has a
typical behavior or working in maximum or minimum range. The range of theoretical values
obtained are given in (6-11);

Typical=>MAGN Xpyp=[0.894~1.52)
MAX=>MAGN X, ,c=[1.7~2.48)y (6-11)
MIN=>MAGN_X,,;n=[-0.065~0.72)

In all three cases the range of output voltages is measured corresponding to the range of variation
of magnetic field -0.625 ~0.625G. There is also a negative value in the minimum range but it is
relative to a value of magnetic field -0.625G which is almost impossible to achieve, and even if
applied to the magnetometer, ADC would recognized it as OV. Rest of the values are within the
dynamic range of ADC. For further protection, zener diodes are employed that limits output
voltage of the conditioning circuit to 3V. Set/reset pulses refresh the sensor. They maintain
sensitivity of the sensor by eliminating memory effect of the magnetic elements and reducing
effects of the strong interference fields. The magnetometer testing and magnetic field
measurement results are given in table 8.6.

6.2.5 1B211B Gyroscope

The third type of attitude determination sensor used on 1B8 CubePMT module is gyroscope.
Gyroscope is a device for measuring angular velocity. Yaw rate digital gyroscope ADIS16080,
with dynamic range +80°/sec, is used in this project. It is connected through a Serial Peripheral
Interface (SPI) bus with tile processor. The digital data available at the SPI port of gyroscope is
proportional to the angular rate about normal axis to the top surface of ADIS16080 IC [47].
Gyroscope block diagram is shown in figure 6.5.

The 1B8 CubePMT gyroscope is used in the operating range +2rpm and occasionally up to
+6rpm (e.g. at satellite deployment). It has a noise density rate of 0.05°/sec/NHz in the frequency
range from 0.1Hz to 40Hz. After applying a software filter of 1Hz, the RMS value of the resulting
noise becomes approximately 0.0025rpm, which is about 0.1% of the full scale. The resulting
noise is low enough for envisaged application which is attitude stabilization. Filter bandwidth can
be software programmed for lower bandwidth (more accuracy) or higher bandwidth (fast
maneuvers). For accurate pointing other sensors including sun sensor and magnetometer can be
used.
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Figure 6.5: Gyroscope block diagram.
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Attitude Control System (ACS)

7.1 Introduction

The ACS manages satellite orientation, in order to point its antenna toward ground station or
solar panels toward sun. For this purpose normally permanent magnets, reaction wheels and
magnetic rods are used [48-49]. Permanent magnets are cheap, simple, light and consuming no
power. But they have inadequate pointing accuracy and give very little choices on the pointing
direction. Reaction wheels and magnetic rods have better pointing accuracy and can orientate
satellite in any direction but their price, weight and size make them incompatible with CubeSats
standard NanoSatellites like AraMiS-Cl1.

A reconfigurable magnetorquer coil has been designed and implemented for the
1B8_CubePMT module. Magnetorquer coil is a better choice for attitude control and stabilization
of NanoSatellites. The goal of this work is to provide CubeSats with a magnetorquer coil which
has small dimensions, weight and low heat dissipation. The designed magnetorquer coil is
reconfigurable and integrated within the PCB internal layers occupying no excess space on
CubeSats. Coils in each layer are treated separately and can be attached/detached through straps.
Changing the arrangement of these straps, one can use either single, two, three or four coils in
series, parallel or any hybrid combination. This reconfigurable design provides option for
generating different amount of magnetic moment and resultant torque to stabilize and rotate
satellite.

In this chapter magnetorquer coil design, magnetic moment generated and power dissipated
will be discussed in detail. Power dissipation and the corresponding temperature increase of the
1B8 CubePMT module is evaluated by thermal modeling. Emissivity of the 1B8 CubePMT
module was also found through a laboratory experiment.

7.2  Magnetorquer System

Magnetorquer system is designed for the 1B8 CubePMT module whose block diagram is
shown in figure 7.1.
Magnetorquer system can be divided into two parts:
e Magnetorquer Coil Driver
e Magnetorquer Coil
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Figure 7.1: Magnetorquer subsystem block diagram.

7.3 1B222 Magnetic Torque Actuator

PWM motor driver IC ‘A3953° [50] is used as magnetorquer coil current driver which controls
the amount and direction of current flow. The driver pins OUT1 and OUT2 are connected with
magnetorquer coil. Digital signals from tile processor (notBRAKE, PHASE, MODE and
notENABLE) are used for driving the coil in different modes such as sleep, standby, brake_and
forward /reverse, fast/slow current-decay mode. Differential voltage sensor monitors high current
flow. Load switches provide and cutoff power to magnetorquer coil on enable signal from the tile
processor.

The coil driver circuit has a transistor bridge as depicted in figure 7.3. The bridge topology
allows bi-directional current flow through magnetorquer coil (L). Transistors Q1 and Q3 allow the
current flow from left to right (shown through a solid line from supply ‘V’ to GND). Transistors
Q2 and Q4 are opened during this stage. In case of reverse current flow, transistors Q2 and Q4 are
closed and current flows through the coil from right to left (indicated by dashed line from supply
‘V’ to GND) . During this stage Q1 and Q3 are opened. The freewheeling diodes (D1, D2, D3 and
D4) help in de-energizing the coil. The UML class diagram of the magnetorquer system is shown
in figure 7.2.
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Figure 7.2: UML class diagram of the Magnetorquer system
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Figure 7.3: Coil driver (A3953) circuit current paths through coil (L)
7.4 1B223 Magnetorquer Coil

Considering, the dimensions and weight restrictions for NanoSatellites of CubeSat standard, a
magnetorquer coil is designed and integrated inside the four internal layers of 1B8 CubePMT tile.
1B8 CubePMT is an eight layers PCB with four subcoils in second, third, fourth and fifth layers.
Each coil has 50 turns therefore 1B8 CubePMT module has a total of 200 turns in the four
internal layers. All the other subsystems are mounted on the top and bottom layers. Top layer
hosts solar panel and sun sensor while bottom layer contains nessary electronics subsystems.
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Sixth layer is dedicated for ground plane which isolates all the subsystem components from the
magnetic field generated by the magnetorquer coils. As four 1B§ CubePMT modules are
mounted to build 1U AraMiS-C1. The corresponding 1B8 CubePMT is energized to attain the
required orientation.

7.4.1 Working Principle

Magnetorquer coil generates magnetic field which interacts with the earth magnetic field and
the resulting torque is used to orient the satellite in any desired direction. Theoretically, when

current flows through a solenoid, magnetic moment ( B) is generated which is given by (7-1):

9
D=NJS.I (7-1)

Where N is the number of turns, S is the area of the single turn and / is the current through the

coil. The direction of D is given by right hand rule [51], i.e. hold the solenoid in right hand such
that curled fingers point in the direction of current (clockwise), thumb along the axis of solenoid

points to the direction of D (toward paper)as shown in figure 7.4.

N

\
|
|
/

/
|
\
(3
O

Figure 7.4:Direction of magnetic moment ( p) of a current carrying coil

When current carrying coil is placed in a magnetic field (E), it generates a torque ( ;) given

— -
by the vector product between DD and B as given by (7-2):

=D><B ‘DHE‘smHn (7-2)

N
Where, 6 is the angle between D & B and 1 is unit vector normal to the plane containing D &

- - > >
B . The amount of 7 exerted on the coil depends on the magnitude of D, B and 6 . The

- - -
resulting 7 is maximum when D and B are perpendicular (6=90°) as shown in figure 7.5 (a)

and minimum when they are parallel (6=0°) as apparent from figure 7.5 (b).
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Figure 7.5: Magnetic field (Zﬁ’)), magnetic moment (B) and resultant torque.

Magnetorquer coil utilizes earth magnetic field for attitude control and stabilization of
NanoSatellites. Earth magnetic field varies with altitude and inclination angle. At an altitude of
800 km and inclination angle of 89°, it varies between 0.15G and 0.45G [52]. Magnetorquer coil
generates magnetic moment which interferes with the earth magnetic field and provides torque to
stabilize and rotate the satellite in its orbit. When current flows through magnetorquer coil in

5
clockwise direction, it generates magnetic moment (D) as shown in figure 7.6. According to

N

Right Hand Rule, the direction of D will be in the negative z-axis (i.e. into the paper). If the earth
%

magnetic field (E) is along y-axis, then the resulting 7 will be along x-axis.
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Figure 7.6: Earth magnetic field interaction with magnetorquer coil magnetic moment
7.4.2 Magnetorquer Coil Design

As already mensioned that magnetorquer coil is inserted inside second, third, fourth and fifth
layers of 1B8 CubePMT module [53]. Coil in each layer has 50 turns therefore 1B8 CubePMT
four internal layers has a total of 200 turns. Each coil trace has a width of 0.3mm and a thickness
of 18um. Space between adjacent traces is 0.2mm. Trace area (width & thickness), length and
number of turns of each coil effect the resistance of magnetorquer coil which is related with
magnetic moment, power cosumption and heat generated inside the 1B8 CubePMT. All these
parameters are discussed in the coming sections. A cross sectional view of the 1B§ CubePMT
module shows magnetorquer coil traces, is given in figure 7.7.
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0.2mm 0.3mm

Layer-1
Layer-2
Layer-3

Layer-8
Magnetorquer Coil Traces Ground Planes

Figure 7.7: Magnetorquer Coil traces inside the 1B§_CubePMT module.

The main focus of the magnetorquer coil design is to make it compatible with the
1B8 CubePMT dimensions by not only being lighter but also being able to generate the intended
magnetic moment. Schematic of the coil in single layer is depicted in figure 7.8 which also shows
its dimensions. Table 7.1 highlights the key parameters of the magnetorquer coil design.

R U 111« 04 F Py

Figure 7.8: Schematic and dimensions of a single magnetorquer coil
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Parameter Values

Single turn average length; /,,, 230mm

Total length of single coil; L, 11.5m

Trace cross sectional Area; A=w x¢ 0.3mmx18pm
Total area occupied by single coil 0.1675m’
Distance between two adjacent traces 0.2mm
Bundle width (50 traces) 25mm
Copper resistivity (from manufacturer), p 3x10°"Qm
Single coil resistance, R, 64+3 Q

Table 7.1: Dimension parameters of the magnetorquer coil

7.4.3 Reconfigurable Design

One of the main objective of this design is to make it reconfigurable and compatible with the
1B8_CubePMT dimensions. Therefore the coil is divided into four subcoils (L1, L2, L3 and L4)
as shown in figure 7.9. Each subcoil is integrated in a separate internal layer of the PCB. They are
connected through configurable 0 Ohm resistors. Each resistor can either be mounted or detached.
Changing the arrangements of these resistors, one can use either a single coil or any other hybrid
combination. Table 7.2 shows different combinations of 0 Ohm resistors to get the intended coil
configurations. There is the possibility to arrange:

e Up to four coils connected in series
e  Up to four coils connected in parallel
e Hybrid combination of series and parallel connected coils
This reconfigurable design allows to configure power consumption, magnetic moment, torque

and heat dissipated by the coil inside the PCB. According to the specific mission requirements,
possible arrangements can be evaluated on the basis of these parameters.

R1 %RDR Rz %RDR R3 %RDR
ROR ROR ROR
COILZ UUT_A RN rTFEy e CTTTL

L1 R4 L2 RS L3 R6 L4
MODULE ROR ROR ROR
Ry < ROR RB R R10
OUT_B

coiLi

1B222W _Moanetorguer _Coil _Driver

Figure 7.9: Magnetorquer sub-coils connected through 0 Ohm resistors
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Coils 0 Ohm Resistor Arrangements

Arrangements o | R2 | R3 | R4 | RS | R6 | R7 | R8& | R9 | RIO

Single Coil X
4-coils 1n series X X X X
4-coils in X X X X X X X
parallel
4-coils 11.1 2x2- X X X ¥ X
hybrid

Table 7.2: Resistors to be mounted in order to get the corresponding coil arrangements

Figure 7.10 shows 1B8 CubePMT magnetorquer coil conneceted in different configurations (
single, four in series, parallel and hybrid). In order to maintain a constant current (/,) through m
parallel connected coils, the applied voltage is kept same as that of a single coil (V). Similarly, in
order to flow I, through n series connected coils, the applied voltage is nV,. While in case of nxm
hybrid combination, the applied voltage is kept nV,,.

Figure 7.10: Required voltages to ensure the flow of constant current (/,) through different
combination of the magnetorquer coils.

7.4.4 Magnetic moment versus Power Dissipated
When current flows through the magnetorquer coils, magnetic moment is generated at the

expense of power dissipation. Magnetic moment of the single coil 50 is given by (7-1). In case

of M coils connected in series, parallel or any hybrid combination, the magnetic moment D is
given by (7-3).
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D=M-D, (7-3)

Where M is the number of coils connected in any possible combination.
Similarly, power consumed by a single coil is given by (7-4).

2 e R — Lz
F,=1,"R, Ro=p— (4
Where I, is the current through single coil, R, is the resistance of the single coil and P, is the
power consumed by single coil. Power dissipated by M coils connected in any possible
combination is given by (7-5).

wl=ml,
P=MP V=nV
¢ "o (7-5)
M=mxn

Where P is the power dissipated by M coils, V,, is the applied voltage to single coil and n & m
are the number of coils connected in series and parallel respectively.
The ratio between magnetic moment generated and power dissipated is given by (7-6).

D, N-S-I, (NS) 1

PO RO .]02 RO ‘Z (7—6)
N-S)
pp WS\ p
0 R, 0 (7-7)
D2=nm(NR—S)2P=kP (7-8)

0

Where £ is a constant parameter, depends on the number of coils connected in series or parallel
and their dimensions. D’/P, or k is considered an important performance evaluation parameter for
magnetorquer coils.

7.4.5 Torque Generated

As already mentioned, a magnetic moment is generated when current flows through the

magnetorquer coil. In presence of the earth magnetic field a torque will be exerted on the
1B8 CubePMT module placed on four exterior faces of the AraMiS-C1. This torque is used to
orient and stabilize the satellite in any desired direction. Torque generated is given by (7-9):

r=|B|-|D|-sin@=|B|-sin@-N-S-I (7-9)
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Torque exerted mainly depends on the amount of current flow through different combination
of coils. Torque exerted versus current flowing through different combinations of the
magnetorquer coil is shown in figure 7.11. Torque generated by the single coil and four coils in
series is same but the current draw by the single coil is very high which results in high power
consumption. Similarly single coil and 2x2 hybrid connected coils draw same current but the
torque generated by the 2x2 hybrid combination is very high.

Current ws Torgque generated for different combination of magnetorguer coil

10 e PRI e ]
ingle coail : : : :

g | —#—Four cails in series i .............. S ol
—+——Faur coils in parallel : ; :
—+— 2% Hybrid Combination) [ ............. .............. 5

Taorguefulm)
m

1] 0.2 0.4 06 0.8 1 1.2
Current, 1(A)

Figure 7.11: Current versus torque with applied voltage of 18V

Table 7.3 depicts that when the number of coils is increased, either in series or parallel, the
magnetic moment and power dissipated also increase with same ratio. The current remains
constant in case of series connected coils and voltage is constant in case of parallel connected
coils. The ratio of magnetic moment and power dissipation remains constant for any number of
coils connected in series or in parallel.
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M ti P 14
Coil Current | Voltage aghetic . O.W cf B ol
Moment | Dissipated P D)
Arrangement I v
D P
Single Do v,
. Io VO DO PO o
coil Fo D,
F ils i D,
OUTEOTSI L, 4v, 4D, ap, - Yo
series 0 D,
F ils | Do
ourcelsiil 4y, v, 4D, 4P, 7, 02570
parallel D,
Fourcoilsin |, ; 27, 4D 4P > 0.5%0
hybrld o o 0 o ] - Do

Table 7.3: Comparison of current, voltage, magnetic moment and power consumption for
different combinations with reference to the single coil.

7.4.6 Rotation Procedure

The angular speed (o) of the satellite depends on the torque exerted and moment of inertia (J)
of the satellite. Suppose the satellite has to be rotated by an angle (¢). Figure 7.12 shows that by

applying a constant torque (z,,,) for a certain time (T / 2), the satellite angular speed (®) increases
linearly. In order to stop the satellite, an opposite torque of the same magnitude (-7,,.,) and

duration (T/2) is applied. The opposite torque performs a braking action against the satellite spin,

so as to seize the satellite spin after covering exactly the desired angle (o).

According to the Newton’s second law of rotation

=-Tmax|-------

(0]

T2

T t

(7-10)

Figure 7.12: Actuation of the magnetorquer coil to rotate the satellite in ideal case.
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The following expression illustrates angular position (¢):

2 2
(T ‘(T 17 )
—w = i B
¢ ”{2) “{2) 27 (7-11)

The time T required for the magnetorquer coil to rotate the satellite through a certain angle ¢ can

be obtained and is given by (7-12):
2J0
7= |2
T (7-12)

It is apparent from (7-12) that torque exerted and time taken to rotate the satellite are inversely
proportional. Figure 7.13 shows the torque generated and the corresponding time to rotate
AraMiS-C1 through an angle of 90° by energizing different combinations of coils. The value of J
for AraMiS-C1 is 0.0059kgm”. The torque generated by four coils in parallel is 9.4 uNm which
takes 45s to rotate AraMiS-C1 satellite through an angle of 90°. In case of single and four coils
connected in series generated torque is 2.45uNm which takes 89s to rotate the satellite through an
angle of 90°. In case of 2x2 hybrid combination, torque generated is 4.7uNm which requires 63s
for 90° rotation.

Torgue vs Time required to rotate ArabiS-C1 through an angle of 900

aonbk RO St ST e Single coil

: : ; : D | —B—four coils in series
—=— 242 Hybrid Combination
—+— Four coils in Parallzl

0 ......... ......... ........ ........

oo bl ........ ......... ........ ........ ......... ........ ........ ......... ....... _

Time(sec)

150 ........ TR ......... L ........ ......... b ....... 4
100 ;::-'.'-3._;:_ :. : ...... b ] ... ........ ....... -

50

Torgue(uMm)
Figure 7.13: Time required to rotate AraMiS-C1 through an angle of 90°

91



7.4 1B223 Magnetorquer Coil

7.4.7 Thermal Modeling

Thermal modeling is considered an important element in designing a magnetorquer coil
integrated inside the PCB. When magnetorquer coil is energized, power is dissipated in the form
of heat which in turn increases the overall temperature of 1B8 CubePMT. This temperature
increase should be confined within certain limits to avoid system performance degradation [54].

Thermal modeling provides detailed analysis about power dissipation and corresponding
temperature variation of the PCB. Power dissipation is controlled by monitoring the amount of
current that flows through the coil. Current flow also restricts the magnetic moment. Thus,
temperature and magnetic moment are inter-related parameters. Higher magnetic moment can be
achieved at the expense of increased PCB temperature [55].

Like any other thermal system, 1B8 CubePMT module also radiates and absorbs heat to and
from the surroundings. Heat energy absorbed by the PCB from the surroundings is added to the
heat generated by the coils. This additional energy tends to increase overall temperature of the
PCB. In thermal equilibrium condition the total radiated power from the PCB to the surroundings
(P,) is equal to the electrical power dissipated by the coil inside the PCB (P,) and power absorbed
from the surroundings (P;) depicted in figure 7.14 and given in (7-13).

Heat generated by
Magnetarquer (Pd)

VAR

Heat flow towards
CubePMT (P)

Heat flow away from
CubePMT (Ps)
Surrounding Temperature

(T1)
Figure 7.14: Heat flow through 1B§ CubePMT module.

F,=F+F 7.13)

The power dissipated by M coils is given by (7-4) and the power radiated from the PCB surface
shown in figure 7.15 (b), can be deduced from the Stefan-Boltzmann’s law [56]:

B, =a,oT,*S+ oy oT,*S; (714

Where %is the Stefan-Boltzmann constant ,
T, is the PCB surface temperature in Kelvin,

S is the PCB surface area (both sides)
a, is the emissivity of the PCB material at radiated wavelength A,

S; 1s the lateral surface area and
o is the emissivity of the lateral surface.
Combining (7-13) and (7-14), results in (7-15):
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2,00, 'S + ey T, 'S, =By + Py (7-15)

In thermal equilibrium state, when no current flows through the coil, P, =0, and (7-16) becomes:
7,*S +a,01)*S, =P,

aoly aroly o =1y (7-16)

Where «; is the emissivity of the PCB surface at the heat absorption wavelength A, .
Inserting P; value from (7-16) into (7-15) results in (7-17).

a,0T,*S +a;0T,*S; = Py +a;0T;%S + o 0TS, (7-17)

In thermal equilibrium &y =& = . Rearranging (7-18) will give a relation between P, and
T, as given in (7-18).

4 4
T =4 Py+ad; S+a;0l;" Sy, (7-18)
oadS+ aLOSL
In order to find relation between P, and T,, it requires emissivity (o), as given in (7-19).
Py —a, 08, (1,4 -1,
q=2d 7%\, I (7-19)

os(r,* -1,

In order to have the emissivity (a) value, it required surrounding temperature (7;) , PCB surface
temperature (7,) and power dissipated inside the magnetorquer coil (P,). These parameters are
found through a measurement setup explained in next section 7.4.8.

7.4.8 Emissivity (o) measurement at Infra Red Wavelength

The emissivity of a material is the relative ability of its surface to emit energy by radiation [57].
Surfaces with different colors have different emissivity values [58-59]. The emissivity value of
the bottom layer of 1B8 CubePMT module is found through a measurement setup shown in
figure 7.15 (a). Arrangement of two 1B8 CubePMT modules used in emissivity measurement is
shown in figure 7.14 (b). The emissivity value for the lateral surface (9.2mm) between two tiles is
assumed to be 1 (o,=1).

The measurements of emissivity (o) have been performed inside a vacuum chamber. A voltage of
17V is applied to the magnetorquer coils of the two 1B8 CubePMT modules. A temperature
sensor is attached to the 1B§ CubePMT surface in order to record the increase in temperature due
to flow of current in the coil. The applied voltage, amount of current flow and corresponding
increase in temperature have been captured through a data acquisition system shown in figure
7.15 (a). These parameters are plotted against time as shown in figure 7.16. The temperature at
normal atmospheric pressure is 20.2°C when no voltage is applied to the coil. At time ¢;, vacuum
was generated in the vacuum chamber and the corresponding temperature suddenly dropped a few
degrees as apparent from figure 7.15. After that the temperature started rising and reached steady
state at time #,. At this stage, both magnetorquer coils were energized with 17V. As a result, there
was an exponential increase in the temperature until time ;. At this point the system reached
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steady state condition and there was negligible increase in temperature as function of time. At
time ¢, the power supply was cut off which resulted in exponential decrease in temperature.

From the thermal measurement results of figure 7.16, all the parameters required for emissivity
measurement in (7-19), were obtained as given in table 7.4. The resulting emissivity (o) value for
the PCB surface was calculated using (7-19) is 0.9. This emissivity value is used in the results
given in section 7.4.9.

Lateral Surface (SL)

Incoming Hest (P1),

T

Incoming Heat (FI)
out going Heat (P o)

Figure 7.15: Photograph of emissivity measurement setup

i Hybred Combaahon

Terrpéeatues T ! : ' ;
0| - Powesr Dissipabed Pd -
= = Vakage V
= e | % 13T T
v M W 5L
1] 8 E p————— e, i v -4
=
*
£ wl -
_;I-:l’.‘
i :.I Bl T ."'--.__ N
ol F| Lk ) 1
E Dfpoig -
P IETY o e -
ot TERK x g |
ST NN W
10 H 1:|.-s.i y
I I v g
i I
|| & ! i
|: 1 /| k i L i ke
ol @2 @ & t3 e 1 120 140 £ %0 18D .1

Tme imanubest

Figure 7.16: Thermal measurement results of magnetorquer coil.
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Parameter Value
o 5.6703x10°Wm K"*
T, 292.34K
T, 322.69K
S 0.01617m’
S, 0.003321m’
P, 3.623W
o 1

Table 7.4: Parameters used in thermal modeling of magnetorquer coil

From figure 7.15, thermal time constant of 1B§ CubePMT module can be obtained. At t2, a
voltage of 17V was applied to the magnetorquer coil and 1B8 CubePMT temperature started to
increase exponentially. At t;, 1B8 CubePMT temperature attained a steady state value (49°C). So
it took 45 minutes to reach a steady state point.

7.4.9 Results

Magnetorquer coil driver controls the flow of current through the magnetorquer coils as a
function of applied voltage. 1B8 _CubePMT module has a maximum 18V power distribution bus
voltage. The temperature increase of 1B8 CubePMT module, magnetic moment and torque
generated, power dissipated and current flowing through the magnetorquer coils are plotted
against applied voltage in figure 7.17 and figure 7.18 for different combination of the
magnetorquer coil.
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Figure 7.17: Magnetorquer plots (a) Single coil (b) 2x2 hybrid combination
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Figure 7.18: Magnetorquer plots (a) four coils in series and (b) four coils in parallel.
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. . Time to
Coils Applied Current Magnetic 'P(?wer. Temp | Torque | rotate by
. Voltage Momet Dissipation . .
Combination V) (mA) (Amd) W) (°C) | (uUNm) 90
(Seconds)
Single 158 0.026 1.58 42 1.32 120
Four in series 39 0.026 0.39 29 1.32 120
: 10 41
Hybrid (2x2) 156 0.052 1.56 2.6 84
Four in 626 0.1 6.26 7 5.2 60
parallel
Single 278 0.05 5 71 2.45 89
Four in series 70 0.05 1.26 38 2.45 89
: 18 71
Hybrid (2x2) 280 0.099 5 4.9 63
Four in 1120 0.2 20.2 BL g 44
parallel

Table 7.5: Results of different combinations of magnetorquer coils at applied voltage of 10V and
18V.

Applied voltage controls all the remaining parameters of the magnetorquer coil. At a particular
voltage one can get the corresponding current, power dissipated, magnetic moment and
temperature increase. For example, when 18V is applied to a single coil, the corresponding
current is 278mA, dissipated power is 5W, magnetic moment generated is 0.05Am” and
temperature of PCB is increased to 71°C as shown in as apparent from table 7.5 and figure 7.17
(a). The generated torque at earth magnetic field of 5S0uT is 2.45uNm. This amount of torque will
take 89s to rotate AraMiS-C1 through an angle of 90° as given in figure 7.13. For all other
combinations of figure 7.17 and figure 7.18, the corresponding parameters are given in table 7.5.

In case of four parallel coils, the temperature of 1B8 CubePMT module is increased up to
151°C. It is temperature at steady state condition i.e. when the coil remained energized for 45
minutes. But in actual conditions, the coil is energized for just 63s in order to rotate AraMiS-Cl1
through angle of 90°. It is apparent from figure 7.16 that when four coils in parallel are energized
for 63 sec the temperature of the satellite increases by only 4°C (from 19.2°C to 23°C), which is
quite acceptable.

7.4.10 Comparison

Comparison results of the 1B8 CubePMT magnetorquer coil with already available systems in
the market are given in table 7.6. The main parameters for these systems are weight, dimensions,
occupied area and magnetic moment versus power ratio. CubeSat magnetic rod [60] has best
magnetic moment versus power ratio but is expensive, heavier and occupy extra space on the
spacecraft which is not suitable for 1U NanoSatellites like AraMiS-C1. NanoPower Solar P100U
[61] is internal to the PCB but has worse magnetic moment versus power ratio. The magnetorquer
discussed in this paper is lighter and requires no excess space in the satellite because it is
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integrated inside the four internal layers of the PCB. It also possesses better magnetic moment
Versus power ratio.

Area
Power | Magnetic . . . Occupied
Weight | D
Parameter Price | Consumed | Moment “18 HRCNSIONS Inside 25 M
2 (mg) (mm) P
(W) (Am") the PCB
(m’)
Length =
CubeSat 70 External
. €1200 0.2 0.2 30000 0.2
Magnetic Rod Diameter | to PCB
=9
Internal
Internal to | Internal to
NanoP o PCB thePCB | the PCB
anoPower e
2.31 0.05 1.6 0.001
Solar P100U (No (almost (No space
extra . .
. weightless) | occupation)
price)
Inter
nal to Internal to | Internal to
1.2
1B8 CubePMT | 5 > the PCB | the PCB
Magnetorquer (4 coils in 0.05 0.67 0.002
. (No _ (almost (No space
Coil series) . .
extra weightless) | occupation)
price)

Table 7.6: Comparison of the Magnetorquer Coil of 1B8_CubePMT with the available systems in
the market
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Chapter 8

1B8 CubePMT Subsystems Testing

8.1 Introduction

In this chapter we will discuss in detail the testing procedures and testing results of all the

subsystems of 1B8 CubePMT.
8.2 EPS Testing

EPS composed of two triple junctions GaAs solar cells connected in series to achieve an output
voltage of approximately 4.4V (each cell generating 2.2V). Boost converter step up the solar
panel voltage to PDB voltage level (14V). The PDB voltage level is down converted by different
switching and linear regulator to low voltage levels (i.e. 3V, 3.3V and 5V) used by different
subsystem components.

8.2.1 Solar Cells Simulator

During testing, solar cells were not mounted on the 1B8 CubePMT tile. The solar cells
behavior was implemented with a solar cells simulator. Schematic of the solar cells simulator is
shown in figure 8.1 and the implemented circuit is shown in figure 8.2. Six diodes are connected
in series in such a manner that the cathode of one diode is connected to the anode of the next one.
The combination of these six diodes can withstand a forward voltage up to 4.2V. A power supply
was used in constant current mode and applied to the tile through the solar cells simulator. The
simulator was connected to the tile through a four pin connector (labeled as J6 on the
1B8_CubePMT).

0.39A

D6

Figure 8.1: Solar cells simulator schematic
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Figure 8.2: Solar cells simulator circuit with 1B§_CubePMT module.

8.2.2 1B1121D_Primary_Switching Boost_V1

The solar cells simulator discussed in previous section is attached to the 1B§ CubePMT
module through 4-pins Molex connector with reference designator J6 as shown in figure 8.2. This
setup will connect the simulator output to the boost converter inputs SOLAR POS and
SOLAR NEG as shown in figure 5.13. The current from the simulator charges the boost
converter input capacitor (C32). Voltage on C32 is scaled by the resistive divider network (R30
and R32) and applied to the non-inverting input (IN+) of the comparator (U7). A constant voltage
of 2.9V was applied to the inverting input (IN-) of the comparator through the pads of the
resistors R80 and R89 as shown in the schematic of the implemented boost converter of figure
5.13. For the inverting input voltage a PWM-DC-converter block can also be used, but for the
testing purpose a constant voltage was applied. When voltage on C32 becomes 4.165V, IN+
terminal voltage of U7 becomes 3V (greater than the inverting input (IN-) voltage (2.9V)), the
output of U7 goes high and turns on MOSFET (Q9). During this stage C32 discharges through
inductor (L2) and Q9 to GND. When C32 reaches 3.835V, IN+ terminal of U7 goes below IN-
terminal and turns off Q9. During this stage, once again C32 voltage increases and when reaches
4.165V, the cycle repeats as shown in figure 8.3. The output of the boost converter was checked
at the test point TP6 of the 1B8 CubePMT module. The input and output voltage waveforms of
the boost converter are shown in figure 8.4.
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S. No Actions

1 Apply a constant current of 0.39A through solar simulator on 4 pins connector J6.

Apply a constant voltage of around 4V on the pads of resistors R88 or R90

2 connected through a voltage divider to the inverting input of comparator U7.
Observe the input voltage waveform on test point TP7 and switching of the
3 MOSFET on the oscilloscope screen using probes.
Observe the output waveform of the boost converter on TP6 through the
4

oscilloscope probes.

Table 8.1: Steps for testing of 1B1121D Primary Switching Boost.

|
|
i Solar Panel Qutput MOSFET switching pulse I
|

1

1

Py

Measure P1:mean{C1) PL--- P3--- P4 PS5 PB---
value 4055V
slatus L

Figure 8.3 : Testing results of solar panel output and MOSFET (Q9) input switching pulse
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16V m-‘
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Figure 8.4: Testing results of the Boost Converter output waveform.

8.2.3 1B1251 Small Power Regulators

The PDB voltage level has to be down converted to low voltage levels (i.e. 3V, 3.3V and 5V)
used by different subsystem components. For this purpose, 1B8 CubePMT has two linear and
two switching regulators. These regulators were tested by applying different input voltage values.

8.2.4 1B1253B 5V Switching Regulator

It is a switching regulator, converts the PDB voltage level (14V) to 5V, which is used by all the
components of the 1B8 CubePMT subsystems require 5V. It is a linear technology component
with part number LTC3631EMSSE-5#PBF-ND and reference designator U28. The schematic is
shown in figure 5.18, while PCB layout is shown in figure 8.5. Testing results are given in table
8.2.

We applied different voltages on the PDB as shown in table 8.2. Enable signal was applied from
the tile processor. Checked the output at TP5 of the 1B§ CubePMT module. Testing results are
given in table 8.2.

Rated Input Applied Input Applied Enable Measured output
Voltage (V) Voltage (V) signal (V) Voltage (V)
10
From tile processor
4.5~45 14 2.5) 5
16 '

Table 8.2: Testing results of 1B1253B 5V _100mA_Regulator V1
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Figure 8.5: PCB layout of 1B1253B 5V_100mA_Regulator V1
8.2.5 1B1252A 3V Reference Regulator

It is a linear regulator, provides 3V reference voltage to the 1B8 CubePMT subsystems.

National Semiconductor component with part number LM4128AMF-3.0CT-ND is used for this
regulator. On the PCB layout it has reference designator U10. The schematic is shown in figure
5.15, while the PCB layout is shown in figure 8.6.
In order to apply 5V input to this regulator we also enabled 5V regulator
(1B1253B_5V_100mA_Regulator V1) which gives input to this regulator. Applied enable signal
from the tile processor and check the output at TP3 of the 1B8 CubePMT module. Testing results
are given in table 8.3 below.

Rated Input Applied Input Applied Enable Measured output
Voltage (V) Voltage (V) signal (V) Voltage (V)
From tile processor
4.5~45 5 3.293
(2.5)

Table 8.3: Testing results of 1B1252A 3V0_1000ppm_Regulator V1

Figure 8.6: PCB layout of 1B1252A 3V0 _1000ppm_Regulator V1
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8.2.6 1B1254C 3V3 Linear Regulator

This is linear regulator supply 3.3V to the tile processor. It is a linear technology component
with part number LT1761ES5-3.3#TRMPBFCT-ND and reference designator U26. The
schematic is shown in figure 5.16, while PCB layout is shown in figure 8.7. This regulator
provides input supply to the tile processor, therefore should be enable from the PDB. But during
its design mistakenly its enable signal was also applied from the tile processor. During testing
R16 resistor is removed from the CubePMT and PDB voltage is applied to the enable signal of
this regulator. Applied different voltages on PDB and checked the output voltage on TP12. The
results are shown in the table 8.3.

Rated Input Applied Input Applied Enable Measured output
Voltage (V) Voltage (V) signal (V) Voltage (V)
6
10
3.8~20 PDB 33
15
18

Table 8.4: Testing results of 1B1254C 3V3 100mA LDO_Regulator V1

Figure 8.7: PCB layout of 1B1254C 3V3 100mA_LDO_Regulator V1

8.2.7 1B1254B 3V3 Switching Regulator

This regulator provides 3.3V voltage level to all the 1B8 CubePMT subsystems. Linear
technology component with part number DK LTC3631EMSSE-3.3#PBF-ND and reference
designator U27 is used for this supply. It converts the PDB voltage level (14V) to 3.3V, which is
used by all the components of the 1B8 CubePMT system require 3.3V except tile processor
(which uses separate 3.3V linear regulator). The schematic is shown in figure 5.17, while the PCB
layout is shown in figure 8.8. Apply enable signal from the tile processor and check the output at
TP11 of the 1B8 CubePMT module. Testing results are given in table 8.5.

106



Chapter 8 - 1B8 CubePMT Subsystems Testing

Rated Input Applied Input Applied Enable Measured output
Voltage (V) Voltage (V) signal (V) Voltage (V)
10
From tile processor
4.5~45 14 2.5) 3.29
16 '

Table 8.5: Testing results of 1B1254B_3V3 100mA_Regulator V1

Figure 8.8: PCB layout of 1B1254B 3V3 100mA_Regulator V1

8.3 Housekeeping Sensors Testing

CubePMT contains two current and two voltage sensors and a single temperature sensor as
already mentioned.

TEST SETUP

In order to test housekeeping sensors, first of all we attached the 1B8 CubePMT to the PC
through IAR debug interface. Applied 14V to the PDB. Applied 3.3V to pin No. 4 of J- tag
connector (J4). This pin should be connected to the power supply of tile processor
(1B1254C 3V3 100mA_LDO_Regulator V1), but in our case it is connected to the general 3.3V
supply (1B1254B 3V3 100mA_Regulator V1). Care should be taken that the general 3.3V
supply is off.

This test setup is used for all the housekeeping sensors testing.

8.3.1 1B131C Voltage Sensor

This voltage sensor is mounted on the PDB of 1B§ CubePMT. After arranging the test setup,
executed the 1B131C_Voltage Sensor V1 program in the 1B_CubePMT from IAR embedded
workbench as given in Appendix B. Read the memory register value: in this case ADCS12MEMO
= 0BDS5 hex. Equivalent decimal value is 3029. Converted this value to voltage (V) using (8-1)
[11]:
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v, (8-1)
Vin = NADC%

Where Nypc is the decimal value acquired through IAR debug interface and
Vrer in the reference voltage which is 2.5V.

The output value of the voltage sensor acquired through USB debug interface is 1.84V. During
this test voltage on PDB was 14V. According to the schematic of voltage sensor shown in figure
5.19(b) the output voltage should be 1.79V. For further verification of the acquired results, the
output of the voltage sensor is measured through a multimeter on the 1B8 CubePMT module.
The value measured through multimeter is 1.78V. The acquired, calculated and measured values
are almost the same, which reflects that the implemented sensor is working properly.

8.3.2 1B131B Voltage Sensor

This voltage sensor is mounted on the on the output of the solar panel. After arranging the test
setup, executed the 1B131B Voltage Sensor V1 program in the 1B _CubePMT from IAR
embedded workbench as given in Appendix B. Read the memory register value: in this case
ADCS12MEMO = 06D1 hex. Equivalent decimal value is 1745. Converted this value to voltage
(V) using (8-1), the resultant voltage is 1.06V. According to the schematic of voltage sensor
shown in figure 5.19(a) the output voltage should be 1.02V. For further verification of the
acquired results, the output of the voltage sensor is measured through a multimeter on the
1B8 CubePMT module. The value measured through multimeter is 1.02V. The acquired,
calculated and measured values are almost the same, which reflects that the implemented voltage
sensor is working properly.

8.3.3 1B132D Current Sensor

This current sensor is mounted on the PDB. After arranging the test setup, executed the
1B132D Current Sensor V1 program through the 1B8 CubePMT from IAR embedded
workbench as given in Appendix B. Read the memory register value: in this case ADCS12MEMO
= 0007 hex. Equivalent decimal value is 7. Convert this value to voltage (V) using (8-1), the
resultant voltage is 4.27mV. For practical reading from the CubePMT module: measured voltage
on C40 using multimeter. The value is 5.1mV. Measured and acquired values are very close
which shows that the implemented current sensor is working properly.

8.3.4 1B132A Current Sensor

This current sensor is mounted on the output of solar panel. After arranging the test setup,
executed the 1B132A_Current_Sensor_V1 program through the CubePMT from IAR embedded
workbench as given in Appendix B. Read the memory register value: in this case ADCS12MEMO
= 0013 hex. Equivalent decimal value is 19. Converted this value to voltage (V) using (8-1), the
resultant voltage is 11.6mV. For practical reading from the CubePMT module: measured voltage
on R78 using multimeter. The value is 10mV. Measured and acquired values are very close
which shows that the implemented current sensor is working properly.
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8.3.5 1B133A Temperature Sensor

After arranging the test setup, executed the 1B133A Temperature Sensor program through the
1B8 CubePMT from IAR embedded workbench as given in Appendix B. Read the memory
register value: in this case ADCS12MEMO = 0596 hex. Equivalent decimal value is 1430.
Converted this value to voltage (V) using (8-1), the resultant voltage is 873mV. For practical
reading from the 1B§_CubePMT module: measured voltage across R34 using multimeter which
was 820mV. From the output voltage versus temperature behavior of the temperature sensor
shown in figure 5.22, temperature at 820mV is 27°C.

Measured and acquired values are very close which shows that the implemented temperature
sensor is working properly.

8.4 ADCS Testing

TEST SETUP

In order to test each housekeeping sensor, first of all we attached the 1B8 CubePMT to the PC
through IAR debug interface. Applied 14V to the PDB. Applied 3.3V to pin No. 4 of J- tag
connector (J4). This pin should be connected to the power supply of tile processor
(1B1254C _3V3 100mA_LDO_Regulator V1), but in our case it is connected to the general 3.3V
supply (1B1254B 3V3 100mA_Regulator V1). Care should be taken that the general 3.3V
supply is off.

This test setup is used for all the housekeeping sensors testing.

8.4.1 1B235 Sun Sensor

After arranging the test setup, we executed the 1B235 Sun Sensor program through the
1B8 CubePMT from IAR embedded workbench as given in Appendix B. Testing procedure and

results of the sun sensor are giving in table 8.6.
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Step No | Actions Results

Hexadecimal Decimal

1 Keep the 1B8 CubePMT sun sensor at 0° angle in

front of the solar simulator at AMO intensity.

Acquire the value through IAR embedded
ii 055C 1372
workbench

iii | Convert this value to voltage using (8-1) 837mV

Measure the value of voltage across R62 on the
v 871mV
1B8_CubePMT module

2 i Keep the 1B8 CubePMT sun sensor at 45° angle

in front of the solar simulator at AMO intensity.

il Acquire the value through IAR embedded

040D 1037
workbench
iii | Convert this value to voltage using (8-1) 633mV
iv | Measure the value of voltage across R62 on the
653mV
1B8_ CubePMT module
3 i Keep the 1B8_CubePMT sun sensor at 90° angle
in front of the solar simulator at AMO intensity.
ii Acquire the value through IAR embedded
010F 271
workbench
iii | Convert this value to voltage using (8-1) 165mV
iv | Measure the value of voltage across R62 on the
171mV

1B8_CubePMT module

Table 8.6: Testing procedure and results of sun sensor
8.4.2 B221 Magnetometer Testing

After arranging the test setup, we executed the 1B221Magnetometer program through the
1B8 CubePMT module from IAR embedded workbench as given in Appendix B. Read the
memory register value: in my case ADCS12MEMO = 090E hex. Equivalent decimal value is
2318. Now rotate the 1B§ CubePMT module by 180° and read ADCS12MEMO = 07F7 hex.
Equivalent decimal value is 2039.

Convert these values to voltages (mV) using (1):

2500mV
V: =2318——— =141479mV
in_ MAX 2096 n

2500mV

Vin _ aan =2039 2096 Z%

2445mV
10
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V. -V
AV = Lin_MAX - in_MIN _ 170228’"V —85.14mV

Divide AV with the gain of the OPAM (30).

Voot = % _8514mV ;‘(‘)mV =2.84mV

Sensitivity of the Magnetometer is 3.2mV/V/gauss and at 4.1V supply the bridge output response
will be 3.2x4.1=13.12mV/gauss.

To get earth magnetic field (B), divided V,,, with the bridge output response. As Earth Magnetic
field is at 60° inclination in Turin, therefore:

Bcos60° = — Vour = 2.84mV’ =0.2164gauss
bridge response 13.12mV / gauss

©

B sin60°

60°
B cos60°

B— 0.2164gauss

=0.4328gauss
cos60°

So the Earth Magnetic field in Turin is 0.4328gauss.
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Chapter 9

Thermal Modeling of CubeSat Standard
NanoSatellites

9.1 Introduction

The challenging aspects for NanoSatellites are their small surface area for heat dissipation due
to their limited size. There is not enough space for mounting radiators for heat dissipation. As a
result thermal modeling becomes a very important element in designing a small satellite. A
generic thermal model of a CubeSat satellite is presented in this chapter. Detailed and simplified
thermal models for NanoSatellites have been discussed. The detailed model takes into account all
the thermal resistors associated with the respective layer while in the simplified model the layers
with similar materials have been combined together and represented by a single thermal resistor.
The thermal model of complete CubeSat has been presented. The proposed models have been
applied to AraMiS-C1. Thermal resistances measured through both models are compared and the
results are in close agreement. The absorbed power and the corresponding temperature differences
between different points of the single panel and complete satellite are measured. In order to verify
the theoretical results, the thermal resistance of the AraMiS-Cl is measured through an
experimental setup. Both values are in close agreement.

9.2 Thermal Resistance

Heat is generated by the satellite as well as absorbed from the environment. Some portion of
the heat energy is trapped inside the satellite while the remaining energy is lost to the
surrounding. The trapped heat energy increases the overall temperature of the satellite which
degrades the performance and reduces the life time of the satellite subsystems. The increase in
temperature depends on the thermal resistance of the satellite. If the satellite material has greater
thermal resistance, more heat is trapped inside and less energy is lost to the surrounding. The
thermal resistance is related with the spacecraft structure material and the design dimensions.
Thermal resistance and the resulting temperature difference between different points of the
satellite can be found using thermal modeling, which help in visualizing the thermal behavior of
the satellite. Therefore, these two parameters are very important for the structural design of
NanoSatellites.

Thermal resistance can be found using the Fourier's Law for heat conduction [62], and is
given by (9-1).

O = K xS (9-1)

Where 6, is the thermal resistance,
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9.3 Temperature Difference

L is the length of the object,

K is the thermal conductivity and

S is the cross sectional area of the object perpendicular to heat flow as shown in figure
9.1.

Heat flow direction

e

Figure 9.1: Object with cross sectional area S and length L

It is clear from (9-1) that thermal resistance of any material is directly proportional to its length
and is inversely proportional to its cross sectional area. Whereas thermal conductivity is physical
property and is constant for a given type of material.

9.3 Temperature Difference

When an object is exposed to the solar power, some portion of the solar power is absorbed by
the object and the remaining power is reflected back from the object surface. Absorbed power (P)
is given by (9-2):

P=a-F;-S (9-2)

Where a is the absorption coefficient of the exposed surface,
P, is the solar power density,
S is the exposed surface area and
P is the power absorbed by the surface.

When solar panel are exposed to the solar power, they absorb some portion of the incoming
solar power and the remaining power is transmitted to the satellite subsystems. The power
absorbed by solar panel is transformed to useful energy where as the power transmitted to the
satellite is stored as unwanted heat energy. The unwanted absorbed power (P) depends on the
solar power density (P,), solar panel conversion efficiency (#), absorption coefficient («) and
area(S) of the exposed surface, given by (9-3).

P=F;-S-(1-n)-«a (9-3)

Based on the similarity of thermal parameters and electrical parameters, in thermal domain,
Ohm’s law [63] is given by (9-4).
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AT=P-6,, o

Where AT is the temperature difference across an object and P is the power dissipated.

Thermal systems can be modeled as a network of thermal resistors and thermal capacitors. Let
suppose that an object is composed of two materials attached with each other as shown in figure
9.2.

Figure 9.2: Object is composed of two materials attached with each other

T material-1 B_material-1 0_material-2
(material-1 C_material-1 | C_material-2
& R -
material-2)
T_material-2
(a)
T material-1 O _material-1 O _material-2
(material-1
&
material-2)
T_material-2
(b)

Figure 9.3: Thermal model (a) transient (b) steady state
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9.4 Thermal model of the CubeSat

Thermal model between top surface of material-1 and bottom surface of material-2 of the
object shown in figure 9.2 is given in figure 9.3 (a).

Where AT is the temperature difference between material-1 and material-2,
T-material-1 is the top surface temperature of material-1,
T-material-2 is the bottom surface temperature of material-2,
0-material-1 is the thermal resistance of material-1,
0-material-2 is the thermal resistance of material-2,

C-material-1 is the thermal capacitance of material-1 and
C-material-2 is the thermal capacitance of material-2.

In steady state, the power and temperature reach constant levels ultimately thermal capacitors
are fully charged. Therefore these capacitors can be neglected from the circuit model. Figure 9.3
(b) shows the steady state thermal model.

9.4 Thermal model of the CubeSat

CubeSat designed by different universities and SMEs have same dimensions but the six sides
covered by the panels may have different materials. In thermal modeling consideration the
CubeSat is supposed to be equipped with identical panels which are dual purpose: generating
power as well as providing mechanical structure of the satellite. These panels are combined
together into a cube structure with the help of aluminum rails. 1U CubeSat and aluminum rail to
combine the CubeSat panel together are shown in figure 9.4.

Generalized thermal models have been presented for a generic CubeSat panel architecture and
CubeSat satellite. The composition of materials and their dimensions may vary from satellite to
satellite.

7 Rib E 02—1
P4

\

Rails
Lpg

Figure 9.4: 1U CubeSat model and aluminum ribs and rails
9.5 CubeSat panel structure

As already mentioned that the CubeSat panel material and structure may be different, designed
by different manufacturers. Here we are going to make a supposition that the panel may be
composed of composed of four layers and four different types of materials, such as;

e FR4 printed circuit board (PCB)
e GaAs solar cells
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e Resin
e Copper traces and ground plan

All four layers have FR4 material. Two solar cells are attached on layer-1 using a thermally
conductive resin. Layer-2 and 3 have copper traces inserted in FR4 material. The internal layers
may have different number of copper traces of certain dimensions. The traces may be used for
connecting the components on external PCB surface or as magnetorquer coil. The ground plane is
embedded in layer 4. Thermo mechanical model of CubeSat panel and its cross sectional view are
shown in figure 9.5.

Solar cell .
resin
EEEE EEEN EEEE EEEE
EEEE EEEN T-------
‘ \
Ground plane Copper traces

Figure 9.5: Thermo mechanical model and Cross sectional view of the CubeSat panel
9.6 CubeSat panel thermal model

Thermal model of the CubeSat panel was presented through two different models,
e Detailed thermal model
e Simplified thermal model

In the detailed thermal model, the type of panel material in each layer is identified. A separate
thermal resistor is assigned to the material in each layer. A thermal resistors model is obtained by
combining the resistors associated with each layer materials. This model is composed of different
combination of series and parallel thermal resistors. At last a mathematical model is obtained
from the thermal resistors network.

In simplified model, first similar materials of different layers are merged together and a single
resistor is assigned. This technique results in a very few number of thermal resistors in the final
thermal model. Thus in simplified model the number of thermal resistors reduce and computation
becomes easier. The equivalent resistances of both these models should have the same value. The
closeness of the two models resulted resistances values verify the authentication of these models.

9.7  Top to bottom thermal model of CubeSat panel

From top to bottom thermal model of the CubeSat panel has been found through the detailed
and simplified models as presented in the subsequent sections.

9.7.1 Detailed thermal model

The cross sectional view of the generalized structure of CubeSat panel and the related
detailed model are shown in figure 9.6.

In order to get a detailed model, the panel has been divided into different subsections with

respect to the type of material. Each subsection has an associated thermal resistance as depicted in

detailed model of figure 9.6(a). The value of the thermal resistance depends on the length, width
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and material type of the respective subsection. In the detailed model, a single solar cell resistor
(6,) is in series with its resin resistor () while the combination of these two is in parallel with the
second solar cell and resin series resistors.

In thermal resistor representation, 8 denotes the resistor, F represents FR4 while Cu represents
copper, alphabets (a, b, ¢, d, e) represent the respective subsection and numbers (/, 2, 3, 4)
represent the relevant layer. For example 6r,,.; represents the thermal resistor of FR4 material in
subsection « of layers 2 and 3.

Detailed thermal model of figure 9.6(b) is written in mathematical form as given in (9-5).

O + 05

Oip_s152 = + 0y +O0p_yo3//(Ocy—pr—3 + Op_pp-3)//

Or_c2-3 MOcy—ar—3 + Op_ar-3) 1/ Op_or 3 + Ocyy 4 +0p_4

(9-5)

Top_Layer

123
D
S >
=@ >
"
[«5)

Os

Or

Solar cell *

Layer-1
e e S e =7 ?
RN EEEw N\ EEEE EEEN |\ |lLayer2 9
a 4 b 34 C v d Ve | &
"L LR T T IS ‘T\--- EEEE |\ /|Layer3
77777 - — = g <
Layer-4 >4
<O
\ \ o
Ground plane Copper traces v
L
14
(a) (b) _

Bottom_Layer

Figure 9.6: CubeSat panel (a) cross sectional view (b) detailed model.
9.7.2  Simplified thermal model

The simplified thermal model is obtained by merging different subsections of the panel with
same material. Copper traces of different layers are merged into a single trace, similarly FR4
material is also combined together. As a result, the FR4 and copper reduces to four subsections (a,
b, ¢ & d) as shown in figure 9.7(a). Subsections ‘a’ and ‘b’ have FR4 material while subsections
‘c’and ‘d’ have copper.

The simplified model is shown in figure 9.7(b). The parallel combination of two solar cells
resistors is represented by a single thermal resistor (6s) and the associated resin resistors are also
represented by a single thermal resistor (6).
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Figure 9.7: (a) Panel top to bottom cross sectional view and (b) panel simplified model.

In thermal resistor representation, 8 denotes the resistor, F' represents FR4 while Cu represents
copper and alphabets (a, b, ¢, d) represent the respective subsection. Thermal model of figure
8.7(b) is written in mathematical form as given in (9-6).

Op-s152 =05 +Op +Op_, + 00, 1/ Op_ + 0, 4 (9-6)

9.8 Edge to edge thermal model of CubeSat panel

Thermal resistance between the two edges ‘B’ and ‘D’ of the panel, is found using the
proposed models discussed in the subsequent sections.

9.8.1 Detailed thermal model

The panel has been divided into small subsections of different lengths with respect to the type
of material as shown in figure 9.8. Subsection ‘a’ and ‘e’ have pure FR4 material in layers 1, 2
and 3 while ground plane is embedded in layer 4. Similarly subsections ‘b’, ‘c’ and ‘d’ consist of
both FR4 and copper traces. In subsections ‘b’ and ‘d’ the individual resistance of the copper
traces is in series with each other while in subsection ‘c’, copper traces resistances are in parallel
with each other. Subsection ‘f” has the FR4 material of layer 1 and 4 while subsection ‘g’ has the
ground plane. Thermal model is obtained by combining the thermal resistances associated with
each subsection. Solar panel internal view, side view and edge to edge detailed thermal model are
shown in figure 9.8.

Thermal model of figure 9.8(c) is written in mathematical form as given in (9-7) where ‘i’
represents the number of layers have copper traces and °j° represents the number of ground
planes.

l

20p/165)+Opos)! /( G L s aCu_dj

1O/ O3+ Op 14+ Op_e1-4

th-BD — (9-7)
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9.8 Edge to edge thermal model of CubeSat panel
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Figure 9.8: Panel (a) internal view (b) side view (c) detailed thermal model

9.8.2

Simplified thermal model

Detailed thermal model from edge to edge of the panel is very complicated and requires
complex computations of resistors as it is apparent from figure 9.8(c). Through simplified model
the complex system is made simpler by combining different subsections of the panel having
similar material. The copper traces in different layers are merged together into a single trace.
Similarly, FR4 material is also shifted and combined together.

The equivalent thermal model for the half portion of the panel is shown in figure 9.9(b), which
is identical to the second half. Subsection ‘a’ has pure FR4 material while subsections ‘b’ and ‘¢’

consist of copper traces and FR4 material.
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Figure 9.9: (a) Panel shape after combining similar material (b) Panel half portion simplified

model
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The simplified thermal model of complete panel is given in (8-8).

208100, as] (O9)

Opnpp=2AOF g4 +Op pa//Ocy po-3+Op c1-a !/ Ocy c2-3) 110, /] O +
9.9 Centre to edge thermal model of CubeSat panel

Before going into the details of centre to edge thermal model, let first understand the thermal
resistance between two circles as shown in figure 9.10. Solar power is impinging on circle with
radius R; and spreads to the circle with radius R,.

Figure 9.10: Thermal resistance between two circles

The solar power (P) absorbed by the circle with radius R is given by (8-9);

P=P,anRk* (9-9)

Where, P, is the solar power density and
o is the absorption coefficient of the circle with radius R.
Temperature difference (AT) of the length dR is give by (8-10).

dT = Pd0
__ dR
K27Rh
dR P«

T=PamR’ =—4Z R
AT =FomR R A~ 2Kh (9-10)
Ry Ry 2 _p2
jdfzﬂ f Rap= B —R7)
& 2PKh g 4K - h

P,
AT = (R = R?)

Where K is the thermal conductivity of the material
h is the thickness of the circular section.
Thermal resistance of the section with length dR, as shown in figure 9.10, is given by (9-11).
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9.9 Centre to edge thermal model of CubeSat panel

AT

Ap=—- (9-11)
PRy’
ng-__ 4Kh __ @

_pd .;,.RTZ  AnKh

Therefore, the thermal resistance of a circular section depends on the thickness of that section
and the material absorption coefficient.

9.9.1 Detailed thermal model

Assuming the panel to be consist of three concentric circles with radius R;, R, and R;
respectively with centre R, as shown in figure 9.11. The section between the radii R; and R,
contains FR4 material and also ground plane (extended in layer 4). The subsection between circle
R; and R, contains copper traces, FR4 material as well as ground plane. While the subsection
between circles R, and R;contains FR4 material and ground plane. Centre to edge detailed thermal
model is shown in figure 9.11(c). In thermal resistor representation, & denotes the resistor, F'
represents FR4 while Cu represents copper, numbers (/, 2, 3, 4) represent the relevant layer and R;
R; (i, j= 1, 2, 3, 4) represents the subsection between the two circles. For example Orr;r>
represents the thermal resistor of FR4 material in layer 2 of subsection between circles R; and R,.

; Edge
Copper traces . _— 5 g g
< "
IR
glele | g2 [E(21g
hoo B ok 2E-E 2
R D B B
L5858 L O 3| w
@ D @ D D @
L @
el e}
] _x e
?, S E
L
< | & &
3 Centre
%]
Ground Plane’ D—
(a) (b) (c)

Figure 9.11: Panel (a) side view (b) internal view (c) detailed model.

Thermal model of figure 8.11(c) is written in mathematical form as given in (8-12).
Once =051 O 11 Op \_pory /1 O >rory //(OF 2-ror, +Ocu_2-riry +OF 2-ror3)
4 QF _3-RoR; // (9F _3-RoR; + 0Cu_3—R1R2 + eF _3-RoR3 )/ / 6Cu_4—R0R3 4 QF _4-RoR3

(9-12)
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9.9.2 Simplified thermal model

Detailed model from centre to edge of the panel is also complex and requires to compute large
number of resistors as it is apparent from figure 9.11(c). In simplified model the system is made
simpler by combining different subsections of the panel having similar material. The copper
traces are merged into a single trace. Similarly, FR4 material is also shifted and combined
together. The panel shape after simplification process and the related simplified model are shown
in figure 9.12(b). Centre to edge simplified thermal model is given in figure 9.12(c).

Thermal model of figure 9.12 (c) is written in mathematical form as given in (9-13). In
thermal resistor representation, ¢ denotes the resistor, F' represents FR4 while Cu represents
copper, numbers (/, 2, 3, 4) represent the relevant layer and R; R; (i, j= 1, 2, 3, 4) represents the
subsection between the two circles. For example 0,z represents the thermal resistor of FR4
material in layer 2 of subsection between circles R; and R,.

On-ce =05 11O 1 Oy pp 1/ Ocy s ror, MOr 25 rp +Ocursrr, +Orasrnr)
(9-13)
‘ Edge g
1 ' N
Copper traces > - ‘ %
1 B : Ry
$
) ]
©
lg gl
w oo Y <5 @
PP 5 o3
& |8
- : :g
§§ ‘ ' 5:
o &
[ — L
§ Centre ©
Ground Ple{ne D ‘
(a) (b) ©

Figure 9.12: Panel (a) side view (b) internal view (c) simplified model
9.10 CubeSat thermal model

As already mentioned that CubeSat 1U is generally composed of six panels on the outer faces,
combined together with aluminum rails using screws as shown in figure 9.4. In order to find
CubeSat thermal model, let consider that the solar power is impinging on the panel centre on one
face of the satellite and flows to the coolest point on the opposite face of the satellite. This power
is equally distributed between all the six faces as shown in figure 9.13. Here the power flows
through all the six panels, rails and screws. Each panel and rails have associated thermal
resistances. CubeSat thermal resistors with the satellite panels, rails and screws are shown in

figure 9.13. where
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9.10 CubeSat thermal model

Ocr : centre to edge thermal resistance of the panel,

Oce4 - centre to edge thermal resistance of the panel on equipotential surface

Orai.r: aluminum rail to rail thermal resistance

Oait-14: aluminum rail to rail thermal resistance on equipotential surface

Orai-2- aluminum rail to panel thermal resistance

Oail-24- aluminum rail to panel thermal resistance on equipotential surface and

Os.rers . SCrew thermal resistance.

There are surfaces on the CubeSat which are at the same temperature and called equipotential
surfaces. These surfaces are shown with red lines in the CubeSat thermal model shown in figure
9.14. The resistors on the equipotential surfaces are represented with subscript ‘g’. The
temperature difference across the equipotential surfaces resistance is zero, therefore these resistors
do not contribute to the thermal model and can be neglected from the CubeSat thermal model.
The CubeSat thermal model without equipotential thermal resistors is shown in figure 9.15. In this
thermal model the centre of each tile is represented with a circle with cross (x) and the corners of
the satellite are represented with a circle with dot (e). The centre of the rails are represented with
small circle as shown in figure 9.15.

Incoming solar — Reflected solar
<  power

ower A
p \\,0\ «Qf\ e - 1‘\0\ a\\ﬂ« N

A s ORail-g-1
Q S

ETENTa)

Figure 9.13: CubeSat with thermal resistors
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Figure 9.14: CubeSat thermal model along with equipotential surfaces resistors
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Figure 9.15: CubeSat thermal model without equipotential surfaces resistors

Thermal model of figure 9.15 is written in mathematical form as given in (9-14).

P A
40ck + Opaira I/ %V

4

4 4
4_

+2 o 7]
A+ Opaira /1552 et

0, =2 (9-14)

125



9.11 Solar Power absorbed by CubeSat

9.11 Solar Power absorbed by CubeSat

The only power source of the CubeSat are the six solar panels covering as many faces of the
satellite. By taking into account that only one panel is exposed at a time to sunlight. There are two
cases where the power absorbed by the panel may be different.

e  When solar panel is converting solar power to electrical power, it absorbs some portion of

the incoming solar power (Ps) and the remaining power is reflected (Py) from the surface.
The amount of absorbed power depends on the absorption coefficient (o)) of the exposed
surface. Some portion of the absorbed power is converted to useful energy (Pc) which
depends on the efficiency (1) of the solar panel. The remaining absorbed power is
transmitted to the satellite which is the unwanted energy ( ® ) as shown in figure 8.15 and
is given by (9-15):

q):PS_PR_PC
1
PCZU(PS_PR):UO’PdS ©-15)

= ®=aP,S(1-7)

Where P, is the solar power density at LEO (low earth orbit) is about 1366 W/m® and
S is the area of the exposed surface.
e When solar panel is off, no power is converted to useful energy (P.=0) and all the
absorbed power is transferred to the satellite.

O =oP,S (9-16)

The unwanted energy (@) start flowing to the coolest point on the satellite which is the centre
point on the opposite face as shown in figure 9.15. The unwanted energy (@) flows to all the six
faces and equally distributed amongst them (®/6 to each face). This power tends to increase the
overall temperature of the satellite.

9.12 Thermal resistance of AraMiS-C1 using CubeSat model

Thermal model presented in the previous section, is applied to AraMiS-Cl. As already
mentioned that four sides of AraMiS-C1 are equipped with identical 1B8 CubePMT tiles and the
remaining two sides have 1B9 CubeTCT . In order to find thermal resistance of AraMiS-C1, first
thermal resistances of 1B8 CubePMT and 1B9 CubeTCT are required.

For 1B8 CubePMT and 1B9 CubeTCT thermal resistances computation, thermal model
presented for the CubeSat panel in the previous sections will be applied here.

9.12.1 Top to bottom thermal resistance of 1B§_CubePMT

1B8 CubePMT module has the same type of material as that of CubeSat solar panel, just the
number of layers, copper traces and ground planes have been increased. Changing the number of
layers and traces will modify the dimensions of the respective subsections which will result in
different thermal resistance values for 1B8 CubePMT as compared to CubeSat panel. The

126



Chapter 9 — Thermal Modeling of CubeSat Standard NanoSatellites

thermal resistance model will remain the same as that of CubeSats solar panel presented in section
9.6. 1B8_CubePMT module top to bottom cross sectional view is shown in figure 9.16.

9.12.1.1 Using CubeSat panel detailed model

First we used the detailed model of CubeSat panel presented in section 9.7.1, in order to find
top to bottom thermal resistance of 1B8 CubePMT module as given in (9-17). As it is clear from
(9-17) that the model is same, just the number of layers have been increased in case of
1B8_CubePMT.

0.3mm Solar Cell . .
olar Cells Side S1 Resin 0.2mm

wuwo’y

Side S2 i
Ground planes Magnetorgrt::::son Copper

Figure 9.16: 1B8_CubePMT module top to bottom cross sectional view.

‘9 olar-ce + in
Op-s152 = 2ot g bhes +0p_1 +Op_y2—5 1(Ocy—po—s + Op_pr—s)// ©-17

Or_c2-5MOcy-ar—s + Or_ar-5)/ Op_er-s + Ocyy o +Op 673

Each subsection thermal resistance was found by inserting the length and thickness parameters
of the corresponding subsection.

—3
OSolarcell = L = 0.15X310 3 =0.97x10°K /W
KGaas®S  55x(70x107> x40x107)
—3
resin = —— = 03 x10 —=236K/W
KResin XS 0.282x(30x 107> x25x107)
o - L _ 02x1073 0K
P K xS, 024%(825x107 x98x107)
O ar-s5= fas = 02x4x107 =5.54K /W
7 KppaxSp a5 024x(825x1073 x5.5x107° +98x107 x1.75x107)
OF 5= Lys = (02x4)x1073 =554K /W
~7 KppxSp oos 024x(82.5x107° x5.5x107 +98x107 x1.75x107)
L, -3 _ —6
O pros= 25 b 402x107 —18x107%) -

KrraxSp 25 b 024x(Q25-10)x1073 x79x1073 +(25-10)x 107 x185x1073)
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Ly s 4 402x107> —18x107%)
6 = — = =2K/W
P K praxSE 25 a 024x(25x107° x79x107 +25x1073 x18.5x107)
L 4%x18x107° _
Opypp s =—C25 = =11.65x10°K/W
Cub25 K Sir s 355%(50x03x107 x 79x107 + 2x50x03x 107 x18.5x107) g
L 4x18x107° _
Opygrs =—42=5 =11.65x10°K/W
U2 T Suns 355 (50x03x 1073 x79x 107 +2x50x03x1073 x 18.5x1073) g
L B —3
O 5= F_c2-5  _ (O.2><4z;<10 _S23K/W
- KrpaSras  0.24x(37+5)x107x(29+5)x107)
L —6
P 2810 "y osxa07k W
- K.S., 355%(82.5x107°x98x107°)
g
B 3
6 1s— Lysg _ (02x2-0018xD)x107 _ o0 0

KprsSe 75 0.24x98x107° x82.5x107

0, s5o =2.07TK/W

Thermal resistors values of top to bottom using detailed model is 2.07 K/W .

9.12.1.2 Using CubeSat panel simplified model

Now we will used the simplified model presented for the CubeSat panel in section 9.7.2, in
order to find top to bottom thermal resistance of 1B8_CubePMT module.

Op-si152 =05 +Op +O0p_, + 00, ) Op_y +Ocyyy (9-18)

HS = gSola}Lcell //HSolar—cell =0.05x 10—3K/W
HR :eResin//gResin =1.18K /W

a 3
o - L __ 06 6x0.0138)x10 oKW

= KppxSp 4 024x(82.5x107° x98x107°)

—3

Op p=—tt - —(02x 91l : —=L5TK/W

7 KreaSy  024x(37+10)x107 x (29+10)x 107 +7x1073 x2(92+80)x 10°)

—6
e == Ax18xID =58 107K/
KeuSe  355x2x(62+54)x107° x15x 10~
—6

— 2x18x10 =125x 105K /W

KeuSa 355%(82.5x107° x98x107)
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6,

t

hS1S2 = 2K/W

Top to bottom thermal resistor value of 1B8 CubePMT using simplified model is 2.07 K/W .
So thermal resistances found through simplified and detailed models have almost same values.
This reflects the authentication of the proposed models.

9.12.2 Thermal resistance from centre to edge

Thermal resistance from centre to edge of the 1B8 _CubePMT module is found by using the
detailed and simplified models of CubeSat panel given in section 9.9.
9.12.2.1 Using detailed thermal model

From center to edge thermal resistance of the 1B8 CubePMT module was found using the
detailed thermal model of CubeSat panel given in 9.9.1. As the number of layers have been
increased, so the mathematical form of the model will become as given in (9-19).

On-ce =051 Og 11 Op 1 ryry 1/ OF 2-3-4-5 Rory (O 2345 RyR

M QC“—2‘3‘4‘5‘R1R2 +0p _2-3-4-5-RoR3 )/ O _6-7-8-RoR3 /1 0Cu_6—7—R0R3 O-19
s = 0y 68K /W
471 x55%x150%x10
R = 09 —=507K /W
47r%x0.282x500x10
0.9
Op |- = =1492K /W
FRORS = 4 7% 0.24%0.2x1073
0.9
O 5 2 4 < = =400K /W
F SRR g % 0.24% 4(0.2—0.018)x 107
0.9
0, A4 s = =28K /W
Cu 23R 355 % 4% 0.018x 107
09
Or 2345 Ry = =400K /W

47x0.24x4(02—0.018)x107>

09 — =529K/W
47x0.24x4(3x0.2—-2x0.018)x10

0.9
o ~5.6K/W
Cu_6-7-RyR3 47[x355X2X0.018X10_3

‘9F_6—7—8—R0R3 =

O =331K /W

The thermal resistance value found is 3.31K/W.
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9.12.2.2 Using simplified thermal model

From center to edge thermal resistance of the 1B8 CubePMT module was found using the
simplified thermal model of CubeSat panel given in 9.9.2.

Oce-p = (‘9F—3 +0cu 2+ HF—I)/ /Ocy-a!Op_s /1 b5 1/ O

Oop s :( 0.9 N 0.9 . 0.9 j p 0.9

Arx024x72x107° 47 x355x72x107% 47 x024x72x107° ) 47x355%36x107°
0.9 p 0.9 p 0.9
Arx024x1.492x1073  47x55%150%10™° 47 x0.282x500%107°

0., =3.32K/W

The thermal resistance using simplified found is 3.32K/W.

Thermal resistances values found through detailed and simplified models are almost the same.
The closeness of these values show the accuracy of the proposed models.

9.12.3 Thermal Resistance of AraMiS-C1

In order to measure equivalent thermal resistance of AraMiS-C1, a heat source is required to
supply thermal power to the satellite equivalent to the incoming solar power. For this purpose
solar simulator can be used but these measurements will be performed inside a vacuum chamber.
In that case, it is impossible to take solar simulator inside the vacuum chamber. For that purpose a
2.2Q and 100W resistor was used to raise the satellite one face temperature equivalent to the
temperature increase by the sun light at AMO. This resistor was attached with the
telecommunication tile (1B9_CubeTCT) through an aluminum piece as shown in figure 9.17.

9.12.4 Theoretical Measurement of AraMiS-C1 utilizing CubeSat Model

For the theoretical measurement of equivalent thermal resistance of AraMiS-Cl1, the thermal
resistance model of CubeSat presented in section 9.10. A little modification can be seen in this
model from that of CubeSat. A new thermal resistor that of aluminum piece (6,,) has been added
in parallel with the top tile and the thermal resistance from centre to edge 6cx has been modified
with Ocg.c and Ocgp, which represent 1B9 CubeTCT centre to edge thermal resistance and
1B8_CubePMT centre to edge thermal resistance respectively.

Resistor

CubePMTs
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Figure 9.17: Measurement arrangements (a) Power resistor attached with 1B9_CubeTCT through
aluminum tile (b) AraMiS-C1 with four 1B8_CubePMT without solar cells and two
1B9_CubeTCT tiles.

The equivalent thermal model of the AraMiS-C1 satellite with the measurement arrangement is
shown in figure 9.18.
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Figure 9.18: Equivalent thermal model of the measurement arrangement.
Thermal model of figure 9.18 is mathematically expressed in (9-20).
40cs ¢ 140,41+ Opain 112570 | [ 400 -+ Opy » 1155700
CE-C 113V 41 + URqgir2 5 CE-C T URail-2 ) 4 4
6y, = + +2 +
4 4

40ck_p + Orair2 //

(9-20)

Where Gcp_¢ center to edge thermal resistance of 1B9_CubeTCT,
Ocg_p center to edge thermal resistance of 1B8_CubePMT,
0 4, thermal resistance of aluminum tile,
O i thermal resistance of rail and

05, 1s the screw thermal resistance.
This model is almost the same as that of the CubeSat thermal model except the aluminum

resistor in parallel with the 1B9 CubeTCT tile. In the CubeSat model there was 1B8 CubePMT
thermal resistor instead of 1B9 CubeTCT and aluminum thermal resistors parallel combination.
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9.12 Thermal resistance of AraMiS-C1 using CubeSat model

In thermal measurements the 1B§ CubePMT was without solar cells and resins. Therefore
these two resistors can be neglected in the theoretical measurements. All the required resistors for
the AraMiS-C1 thermal model theoretical measurements are given in the following equations.

Ock-p =Op—3 + Oz + O 1))/ Ocia /1 Op_s /1 Bpos
Oopr :( 0.9 4 0.9 4 0.9 6) ©021)
drx0.24x72x10 4z x355x72x10 drx0.24x72x10
0.9 p 0.9 p 0.9
47 x355x36%x107°  47x0.24x1.492x107>  47x355x18x107°

QCE—P = 366K/ W

Ocr—c=0c, /! OF
0.9 p 0.9 (9-22)
A7 x355%71x107%  47x0.24%x1.479%x1073

HCEfc =

HCE—C = 028K/ W

0.9
O,1/-1ie = = 0.056K /W
AT 4 x210%6x107
Serew= o —=5.64K /W
210W /(Km)x 7 x (1.27mm)

L 100mm

Orair-a == = =13.23K/W
K xS 2100/ mK x(2mmx10mm+ 2mm x 8mm)

eRaiH Z%TiH = 66K/W

0 Y 12mm
Rair-8 K xS 2100/ mK x(2mmx100mm)

HRail—Z =2 *HRail—B =0.6K/W

=03K/W

By inserting all the required resistors values in (9-20), the equivalent thermal resistance of
AraMiS-C1 is 2.86K/W as given below.

0, =2.86K /W

This is the theoretical thermal resistance value of AraMiS-Clfrom centre of the one
1B9 CubeTCT tile to the centre of the second 1B9 CubeTCT tile mounted on opposite side.

9.12.5 Experimental value of AraMiS-C1 thermal resistance

In the previous section theoretical thermal resistance value of AraMiS-Cl was found using
thermal model presented for the CubeSat standard NanoSatellites. In order to verify the
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theoretical results, a practical value of the AraMiS-C1 thermal resistance was found using the
setup shown in figure 8.19.

From the introduction of this chapter, it is clear that for thermal resistance of an object we need
power absorbed and temperature difference. For AraMiS-C1 thermal resistance measurement, a
constant power will be provided to one side of the satellite inside vacuum chamber. Temperature
difference between the tile where power is provided and the opposite side of the satellite will be
measured. If the power applied and the resultant temperature difference are known, one can find
thermal resistance of AraMiS-C1 using (9-4).

The measurement setup is composed of:
e AraMiS-C1 with measurement arrangements
e Vacuum chamber
e Vacuum pump
e Temperature sensors

Wacuum Pump Vacuum Chamber  A@MIS-C1 under test Toptile Temp  Middle tile Temp  Botiom tile Temp  Ambient Temp

Power Supplies

Figure 9.19: AraMiS-C1 thermal resistance measurement experimental setup

AraMiS-C1 with measurement arrangements is shown in figure 9.17. A power resistor is
attached to the 1B9 CubeTCT in order to provide power to the top tile of AraMiS-C1 equivalent
to the solar power provided by the AMO intensity light in LEO.

Solar power density at LEO, P = 1365W/m’
Area of the AraMiS-C1 exposed to sun, 4 = 98mmx=82.5mm = 0.008085m’
Power absorbed by AraMiS-C1 P 060 = P.A = 1365W/m*x1365W/m* = 11W

In order to provide 11W power to AraMiS-C1, a constant current of 5A is drawn through 2.2Q
power resistor. Three temperature sensors are attached to the top and bottom 1B9 CubeTCT tiles
and side 1B8_CubePMT tile. Power supplies are used to supply power to the temperature sensors
and power resistor. Multimeters are used to display the temperature sensors values. Ambient
temperature is recorded through a thermo couple and is also displayed through a multimeter.
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9.12 Thermal resistance of AraMiS-C1 using CubeSat model

AraMiS-C1 with measurement arrangements is shown in figure 9.17, was placed inside the
vacuum chamber. After generating vacuum inside the chamber, a constant current of SA was
drawn through the power resistor. The temperatures of the top 1B9 CubeTCT tile, opposite
bottom 1B9 CubeTCT tile and side 1B8_CubePMT tiles were recorded. Temperatures of all three

Temp Temp Temp AT AT O¢n
Time | sensor A sensor B sensor C (top- (top- (top-bottom)
(bottom)°C | (middle)°C | (top) °C bottom) °C | middle) °C | °C/W
11:47 | 21.3 21 23.5 2.2 2.5 0.2000121
12:04 | 20.44 19.36 22.42 1.98 3.06 0.1800109
12:06 | 20.21 20.07 23.03 2.82 2.96 0.2563792
12:08 | 20.56 20.61 23.98 3.42 3.37 0.31092
12:11 | 20.96 21.12 28.11 7.15 6.99 0.6500395
12:13 | 21.37 21.67 31.8 10.43 10.13 0.9482394
12:17 | 22.58 23.24 38.47 15.89 15.23 1.4446332
12:19 | 23.55 24.4 41.8 18.25 17.4 1.6591917
12:21 | 24.68 25.71 45 20.32 19.29 1.8473850
12:26 | 26.96 28.28 50.4 23.44 22.12 2.1310386
12:28 | 27.65 29.05 51.8 24.15 22.75 2.1955880
12:31 | 29.25 30.82 55 25.75 24.18 2.3410514
12:36 | 31.5 33.37 59.1 27.6 25.73 2.5092434
12:40 | 32.9 34.8 61.3 28.4 26.5 2.5819751
12:43 | 33.50 35.5 63.50 30.00 28 2.7274385
12:46 | 35.07 37.12 64.8 29.73 27.68 2.7028916
12:49 | 36.23 38.34 66.5 30.27 28.16 2.7519855
12:53 | 37.32 39.52 68.2 30.88 28.68 2.8074434
12:55 | 37.89 40 69 31.11 29 2.8283537
12:57 | 38.2 40.4 69.6 314 29.2 2.8547190
12:59 | 38.7 40.9 70.3 31.6 294 2.8729019
13:01 | 39.2 41.5 71.1 31.9 29.6 2.9001763
13:05 | 40 42.2 72.1 32.1 29.9 2.9183592
13:08 | 40.6 429 73 324 30.1 2.9456336
13:10 | 40.9 43.2 73.5 32.6 30.3 2.9638165
13:13 | 41.4 43.7 74.1 32.7 30.4 2.9729080
13:16 | 41.8 44.1 74.7 329 30.6 2.9910909
13:18 | 42.1 44 .4 75.1 33 30.7 3.000182
13:22 | 42.6 45 75.8 33.2 30.8 3.0183653
13:25 | 43 454 76.3 333 309 3.0274567
13:27 | 43.2 45.7 76.7 33.5 31 3.0456397
13:31 | 43.6 45.1 77.2 33.6 32.1 3.0547311
13:36 | 44.1 46.6 77.8 33.7 31.2 3.0638226
13:39 | 443 46.7 78 33.7 31.3 3.0638226
13:43 | 44.6 47 78.3 33.7 31.3 3.0638226
13:46 | 44.9 473 78.8 339 31.5 3.0820055
13:54 | 453 47.8 79.3 34 31.5 3.0910970
14:00 | 45.6 48.1 79.7 34.1 31.6 3.1001884
14:04 | 45.8 48.2 79.9 34.1 31.7 3.1001884
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14:08 | 45.9 48.4 80.1 34.2 31.7 3.1092799
14:11 | 46 48.5 80.2 34.2 31.7 3.1092799
14:13 | 46.1 48.6 80.3 34.2 31.7 3.1092799

Table 9.1: Data of experimental results

tiles, their difference with the top tile temperature and the top to bottom thermal resistance go
on increasing with time as shown in table 9.1. After some time thermal resistance attained the
steady state value, as clear from the table during time 14:04 to 14:17.

Temperature difference between diffterent Tiles of the Arabdis-C1

Bottom tile T{al)
— Middle tile T{oC)

Lo
=

= 1 N AP S ................. -
% Top tile TioC) :
2 top-hottom delta T(oC) i g
;r:'j' top-rniddle delta T{oC) ©WE219
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= ED - . - -  RSIEEEEEEEE Do -
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Figure 9.20: Thermal resistance and temperature difference between different faces of AraMiS-C1
Satellite

Figure 9.20 shows temperatures of top, middle and bottom tiles and their temperature
differences. This figure also shows thermal resistance between top and bottom tiles, which is 3.1
°C/W.

The thermal resistance of AraMiS-Cl, found through CubeSat mathematical model and
experimental setup, has almost the same value.

9.13 Solar Power Absorbed by AraMiS-C1

The only power source of AraMiS-C1 are the six solar panels covering as many faces of the
satellite. Each solar panel has an area of about 2x70x40mm”. Sun power density at LEO (low
earth orbit) is about 1366 W/m®. By taking into account that only one panel is exposed at a time to
sunlight. There are two cases where the power absorbed by 1B8 CubePMT single module may be
different.
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When solar panel is on, it absorbs 26% of power and remaining 74% power is lost
through 1B8 CubePMT module. Power lost can be found using (9-3). All the parameters
in (9-3) are known except absorption coefficient (o), which is found through an
experimental setup presented in chapter 9. Inserting parameters in (9-3), the power
absorbed by AraMiS-Cl1 is 5.1W.

e When solar panel is off, all the radiating power is transferred to the 1B8 CubePMT
module. The absorption area (4) is the 1BS CubePMT surface area (98x82.5mm?) and
solar cell efficiency (#) will become zero in (9-3). The power absorbed by AraMiS-C1 is
11W.

9.14 Temperature Difference

In order to find temperature difference (47) between different points of an object, thermal
resistor and solar power absorbed are required as given in (9-4).

9.14.1 1B8_CubePMT

Temperature difference (A7) between various sides of the 1B8 CubePMT module can be
found using (9-4) in two different cases:
e When solar panel is on: AT from top to bottom layer of the 1B8 CubePMT is
(5.1Wx2K/W) 10.2K while from centre to edge AT is (5.1Wx3.2K/W) 16.3K.
e When solar panel is off: AT from top to bottom layer of the 1B8 CubePMT is
(1TWx2K/W) 22K while from centre to edge AT is (11Wx3.2K/W) 35.2K.

9.14.2 AraMiS-C1

In AraMiS-C1 case we consider that power is absorbed through a single 1B8 CubePMT module
perpendicular to the incoming solar radiations. All the other tiles are in dark. Temperature
difference (47) from top to bottom of AraMiS-C1 using (8-4)can be found in two different cases:
e In case when solar panel is on: AT value is (5.1Wx3K/W) 15.3K.
e  When solar panel is off: AT value is (11Wx3K/W) 33K.
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Chapter 10

Preliminary Thermal and Orbital Spin
Analysis of NanoSatellites

10.1 Introduction

In space thermal environment, satellite thermal control is required in order to maintain
mechanical structure and electronic subsystems integrity over long period of times. Satellite
thermal design proceeds by identifying sources of heat and minimizing their effects by releasing
and rejecting heat such that all systems components remain within temperature permissible limits.
Heat is generated by the satellite as well as absorbed from the environment. Components
generating heat are electronic devices, motors and batteries. Heat from the environment is mainly
due to solar radiations. Thus satellite thermal control requires the selection of suitable structural
material and devices. The material and devices should maintain a balance between heat absorbed
and emitted to the environment.

In space thermal environment, NanoSatellites are exposed to many heat sources which
continuously increase satellite temperature. Normally radiators are used to release heat, but due to
space and weight constraints with NanoSatellites, it is impossible to mount radiators. This
problem signifies the importance of thermal analysis of a NanoSatellite in space environment. So
the ultimate goal is to measure the effect of all heat sources and to ensure satellite will be
functioning in their safe range of temperatures. Primarily this chapter focuses on general thermal
analysis of NanoSatellites called AraMiS standard, developed at Politecnico di Torino. Then this
analysis will be applied to the CubeSat standard NanoSatellite called AraMiS-C1. Secondly, this
chapter presents a preliminary analysis of induced spin which is produced by CubeSats standard
satellites due to asymmetrical colors (different absorption coefficient) of satellite outer surface.
The substantial contributors for induced spin have been considered and the estimated spin has
been measured.

A satellite is exposed to harsh space thermal environment as soon as it is launched. During cold
space environment, heaters are used to keep the satellite subsystems above the acceptance
temperature limits. However during hot space condition, NanoSatellite has no coolers to keep the
subsystems temperature under the permissible temperature limits. The only choice for
NanoSatellites is the balance thermal control design which adopts passive thermal control
systems. So it is better to know the space environment heat sources and design our satellite
according to the space thermal conditions [64-65].

In this chapter, we will present the satellite thermal analysis in space environment and will
discuss all the heat sources. We will find a thermal equilibrium equation for the satellite.
Temperature of the satellite will be found for different cases like thermal equilibrium and no heat
generation by satellite subsystems etc. Absorption coefficient of the AraMiS-C1 satellite will be
found and thermal analysis will be applied to AraMiS-C1. AraMiS-C1 temperature will be found
in different cases of steady state and transient analysis. At the end orbital spin analysis will be

presented on the basis of color difference between two edges of the satellite.
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10.2 Satellite Thermal Analysis in Space Environment

Main feature of the space environment is high vacuum where the molecular free path
becomes comparable to their distance. The heat transfer is by radiation only and there is a
negligible convective heat transfer [66]. When a NanoSatellite orbiting Earth, it has several heat
sources considering substantial contributions due to:

e Heating due to solar radiation depending on sun distance, with a mean value around 1366
W/m’.

e Heating due to Earth’s albedo reflected radiation. It is the fraction of the incident solar
radiation returned from the earth. Earth’s albedo varies with it surface conditions. For
Earth, the mean reflectivity is around 30% which varying up to 40 to 80% above shiny
clouds and from 5 to 10% for ocean and forests.

e Heating due to thermal terrestrial radiation. Earth can be modeled as an equivalent black-
body emitting at 255 K.

e Heating due to internal heat generation in electronic components (Joule effect).

e Heat capacity of the system

e Cooling due to heat radiation

e Cooling due to the conversion of solar energy into electricity

The satellite will be in thermal equilibrium state when the heat energy received from the first
five sources is equaled by the last two cooling sources. The temperature at thermal equilibrium
state is called radiation equilibrium temperature. This temperature is used in the design analysis of
the satellite for system feasibility. Satellite thermal balance can be achieved by the required
degree of radiation balance between internal power dissipation and heat generation, and the
balance between the absorption () and emission (€) coefficients.

The satellite temperature periodically varies along its orbit. During eclipse stage only two
heat sources; thermal terrestrial radiations and internal heat generation in electronic components
are present. Therefore the satellite is cooler during the eclipse and hotter in sunshine. The system
is considered to be completely isothermal.

10.2.1 Assumptions and Conditions

The detailed thermal analysis of the satellite in space is extremely complex. However, the
starting point of satellite thermal analysis like in any other analytical process, are some
assumptions and boundary conditions.

Let assume that system is composed of N isothermal faces oriented in space. Each face is
characterized by an absorption coefficient between zero and one (0 <a <I), photoelectric
efficiency (y) between zero and one (0 <y <1), a transmittance T = 0 and reflectance p = 1-a. The
data we know is that,

e Solar radiation outside the atmosphere is Fs= 1366 W/m”.

e Average terrestrial albedo is slightly lower than 0.4. Since the LEO satellites are
sufficiently close to the earth's surface (say a distance of less than 1/5 of Earth's
radius), one can assume that the radiation due to Earth is given by the product of solar
radiation by Earth's albedo: Fr= Fs * 0.4 = 546 W/m2 (at a height of 800km this is
reduced by approximately 80%).
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e The radiation intensity, F (T) emitted by a body immersed in vacuum (refractive
index 1) is given by Stefan-Boltzmann’s law:

F(T)=oadl* (10-1)

Where o= 5.78x10" W/m? / K* is the Stefan-Boltzmann’s constant,
o. is the absorption coefficient of the surface and

T its absolute temperature.

In reality, the Stefan-Boltzmann using the emissivity of the surface instead of its absorption
coefficient, but the Kirchhoff’s law states that the two parameters are equal.

10.2.2 Thermal Equations

Let suppose that the satellite is a closed system, therefore the algebraic sum of the powers that
come in any form (radiation and emission) in the system must be equal to the sum of the internal
power (converted into chemical energy inside batteries and generated internally by Joule’s effect).

Solar radiation on each face lit of the satellite (E-R) is given by;
PR = a;FS; (10-2)

Where the subscript ‘i’ denotes the ith face whose surface is S; and F is the solar radiation
intensity.

Similarly, terrestrial radiation incident on the each face lit of the satellite (ET ) is given by;
P =aF;S, (10-3)

So the total incoming radiation (BS ) on each face lit (assuming solar radiation and terrestrial

incidents on the same face, for simplicity) is given by:

(10-4)

Emitted thermal radiation from each face of the satellite can be deduced from Stefan-Boltzmann’s
law:

B (T) =00 TS, (10-5)
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10.2 Satellite Thermal Analysis in Space Environment

Thermal radiation due to the emission from the earth is difficult to assess, but it may be
overestimated in order to get a conservative guess of the temperature of the satellite. The
following simplified model has been used:

e The earth emits thermal radiation due to its surface temperature (average temperature of
Earth's surface 287K [67]), according to the Stefan-Boltzmann above.

e The earth albedo is 0.4, and then absorption coefficient of the earth is o = 1-0.4 = 0.6.

o The power density decreases with the square of the distance from the center of the earth,
then at an altitude h it is reduced by a factor of [R / (R + h)] * 2, where R is the radius of
the Earth. In case of the LEO satellite, % 1s considered to be 800km.

o The face of the satellite parallel to the earth's surface receives all the power density
emitted, decreased by the absorption coefficient of the satellite’s surface and taking into
account the altitude.

e The side faces of the satellite get a lower power density which is not trivial to judge, but
this contribution is overestimate assuming that each side wall is parallel to the earth's
surface (conservative assumption), but receives energy only from half of the Earth
surface, since the other half is shielded from the rest of the satellite.

Satellite

Solar radiation

|

Figure 10.1: Spacecraft irradiation

e The wall farther from the Earth does not receive energy;
e So one can consider an equivalent area equal to the sum of the surface facing the Earth,
plus half of the lateral faces.

On the basis of the above model, the following mathematical relation can be achieved for the

thermal radiation power due to the emission of the earth (PT ).

PTzaaTTT4 R i S, 0+ t% =Fg| a,48,++O t% (10-6)
R+h affaff at” affaff at” o
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Where earth’s radiation ( Ff) at altitude / is given by:

Jf R Y

Where T7r is the temperature of the earth,
or 1s the absorption coefficient of the earth,
S, 1s the surface area of the satellite face towards (parallel with) earth surface and
St 1s the surface area of the satellite face lateral with earth surface respectively.

that is, with previous data, Fr = 185 W/m?*;

Conversion of light energy into electricity and its chemical storage, for each face lit (assuming
solar and terrestrial radiation incident on the same face, for simplicity):

P’ =y (Fs+F)S; (10-8)

Heat will be accumulated inside the satellite (Pc(t)) depends on the mass of the system (),

its specific heat (c¢) and temperature (7):

d d
PC(t)=—mcT=mc—T _
(@) dtmc mcdt (10-9)

Internal heat generation (P, ) is due to the electronic circuits, except that for energy conversion

of the panels, which have been already taken into account in the photoelectric efficiency.
10.2.3 Thermal Equilibrium Equation
When a system is exposed to thermal environment, some portion of the incoming radiations is

accumulated inside the system and the remaining energy is emitted back to the environment. So,
the equation of thermal equilibrium can therefore be written as:

S(BS-p")+ P +PT - Y(PE(D))=PC(T) (10-10)

face illuminated all _faces

By expanding the above equation, one can get:

Sl -n frs+m)s - Sles Jort+ P +FE(aqﬂSqﬁ+a,m%):m%T (10-11)

face_illuminated all_ faces 2
Now we are going to consider different cases in which the satellite might be during its flight.

10.2.4 Different Cases

Case 1: Thermal equilibrium, no generation or accumulation of heat inside the satellite
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Let first take the system in thermal equilibrium with no heat is generated and accumulated
inside the satellite.

Then d—Tzo,P’zo,y=0.
dt

Z(al- (Fs+Fr )Si)+ +FE(0¢“ Saf + a,m%) = Z(ai S )aT“ (10-12)
face_illuminated o 2 all _faces

Now we are going to elaborate this case and take different possible conditions.

Case 1a: Take a worst case: "black mirror" condition, i.e. a thin sheet with one side ideally black

(a=1) exposed to solar-terrestrial radiation, and one of the same area, ideally reflecting (o = 0)
towards the dark:

(Fs+Fp +Fy)=oT* (10-13)

Therefore T=436.5K =+163.3 °C.

Case 1b: Take a cube of uniform color (thus o equal for all faces), with one face exposed to solar-
terrestrial radiation and five faces, obviously of the same surface, facing the darkness, one facing
the earth, four facing sideways:

(FS +F; +FE[I+gn:6aT4 (10-14)

Therefore T =+6.3 °C

Case 1c: Solid-color cube with two faces exposed to solar-terrestrial radiation which are not
orthogonal. In this case the total equivalent area seen from the sun being 1.41S;. The other faces of
the satellite have the same surface area, facing the dark:

«/E(FS +FT)+FE(1+gj:6GT4 (10-15)

Therefore T =+22.2 °C

Case 1d: Cube of uniform color with only one face exposed to Earth radiation and all the other
faces have the same surface area, facing the dark:

Fr +FE(1+%j:6GT4 (10-16)
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Therefore T = -44.7 °C

Case le: Cube of uniform color completely in the dark:

4 4

Therefore T = -80.6 °C, but one should also consider Earth own radiation (thermal radiation) and
the cosmic background radiation, but I would say that this case does not concern us ...

Case 1f: Planar structure very large compared to the thickness, uniform color, with a face
exposed to solar-terrestrial radiation and the other one, obviously of the same surface, facing
toward the darkness; no side wall:

Fy+Fy =20T* (10-18)
Therefore T =+58.5 °C

Case 1g: Sphere of uniform color with a hemisphere exposed to radiation from solar-terrestrial
(but not orthogonal to the surface; we considered the total “equivalent” area seen from the sun
equal to the surface of the equatorial circle) and the total radiating area equal to 4 times the
Equatorial surface:

(Fs + Fp+ Fy )= 40T (10-19)

Therefore T = +18.7 °C. On this figure I would not put my hand on fire, at least as regards the
thermal radiation of the Earth.

10.3 AraMiS-C1: Example

Now we are going to do thermal analysis of a CubeSat standard NanoSatellite called AraMiS-
C1. There is no need for structural details about AraMiS-Cl1 satellite as we already have them in
chapter 1. As already mentioned that for thermal analysis of a satellite we need satellite thermal
balance that can be achieved by the required degree of radiation balance between internal power
dissipation and heat generation, and the balance between the absorption (o) and emission (g)
coefficients. We already have presented some cases of satellite thermal balance equations, now
we are going to find the emissivity and absorption coefficient of the satellite surface.

AraMiS-C1 has four 1B8_CubePMT modules on the external faces, therefore emissivity and
absorption coefficient of the 1B§ CubePMT module were found in the forthcoming sections.

10.3.1 Measurement of Absorption Coefficient (o) at Visible Light

Absorption coefficient (a) of top layer (solar panel side) was measured in visible light. The
measurement setup is shown in figure 10.2. Measurements were performed in two steps. In the
first part of this measurement, 1B8 CubePMT module was illuminated through a solar simulator
which produces AMO intensity light. The corresponding temperature increase due to solar light
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Nl
CubePMT Mudul{_’?;

Figure 10.2: Photograph of absorption coefficient measurement setup.

intensity was recorded using a temperature sensor. When the temperature value reached its steady
state (74°C), the solar simulator was switched off.

In the second part of the measurement, voltage was applied to the magnetorquer coil, the
corresponding amount of current flowing through the magnetorquer coil and increase in
temperature was monitored. The applied voltage was increased step by step and the corresponding
temperature was measured. When the temperature reached at 74°C, the corresponding voltage and
current were recorded as given in table 10.1.

As the temperature increase due to solar light at AMO is exactly the same as due to power
dissipated through the magnetorquer coil, therefore solar power absorbed is equal to the electrical
power lost through the coil as given in (10-20) and (10-21);

F, P

solar — Lelectrica. P, =aP.S & (10-20)
—a= % Boectricar=V1 (1021
Parameter Value
Applied Voltage (V) 14.24V
Current (I) 700mA
Solar Power Density (Pp) 1366.1W/m’
1B8_CubePMT surface area (S) 0.008085m’

Table 10.1: Parameters used in thermal modeling of magnetorquer coil

By inserting the values of table 10.1 in (10-21), the absorption coefficient (a) found is 0.903.
10.3.2 Different cases of AraMiS-C1 in thermal equilibrium state

Now we are going to take different conditions of AraMiS-C1 satellite utilizing the thermal
balance condition and absorption coefficient value measured in the previous section.
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Case 2: Thermal balance with internal heat generation.
dT
Then = 0,P >0,0,=0.9.

Let consider different cases:

Case 2a: Let first consider the case without heat accumulation (y = 0) inside the satellite. Suppose
that two faces are exposed to solar-terrestrial radiation and four faces of the same area, facing the
darkness. The thermal balance equation will become:

J
\/Ea(FS +FT)+aFE[1+gj+PT = 60ad? (10-22)

Figure 10.3 shows the AraMiS-C1 equilibrium temperature versus power generated internally by
the electronic subsystems of the satellite:

Case 2a, Equilibriurn Ternperature of AratisS-C1, alfa =0.9
250 T T T T T g T T T

200

140

T {aC)

100

a0

1 ] ] 1
0 20 40 B0 a0 100 1200 1400 B0 180 200
Fj ()
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Figure 10.3: Equilibrium temperature versus heat generated: no heat accumulation (y=0)

Figure 10.3 shows the external temperature of the AraMiS-C1 satellite. Temperature inside the
satellite will be greater and depends on the thermal resistance between the point of heat
generation and the outer surface.

Case 2b: AraMiS-Cl is a cube of 10cm with solar cells efficiency of 26% and switching regulator
efficiency of 80% resulting in y = 0.26x0.80. Suppose that two faces are exposed to solar-
terrestrial radiation and four faces of the same area, facing the darkness. Thermal balance
equation will become:

V2(a-y)Fs + B )+(a— 7)FE(1+%j+% = 60aT™* (10-23)
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Figure 10.4 shows the AraMiS-C1 equilibrium temperature versus power generated internally by
the electronic subsystems of the satellite:

Case 2b, Equilibriurm Temperature of AraMiS-C1, alfa =09
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Figure 10.4: Equilibrium temperature versus heat generated: heat accumulation (y=0.26x0.8)

10.3.3 Different cases of AraMiS-C1 in transient state
Case 3: Transient Analysis

Let consider that the system is not in thermal equilibrium state and dT/dt <> 0. The system
equation is:

Z((a,- -7 XFS +Fp)S, )— Z(a,- S, )JT4 + FE(%,‘,’ r a,a,%j P emelr
illuminated  face all_faces Y 2 dt
(10-24)

which is a first order non linear differential equation.
Consider the step response to one of the parameters:

e transition of Fy + Fy from 0 to 1366 * 1.4 W/m’, and vice versa, that is, the effect of
sunrise and sunset;

e transition of P’ from 0 to the nominal value and vice versa, that is, powering up and down
a generator internal power;

e transition of y from 0 to 0.26 * 0.8 and vice versa, that is, powering up and down of a
solar panel ;

For simplicity we consider a linear system, the start and end equilibrium points of which are
known (see cases 1 and 2 above), therefore we can calculate a time constant:

146



Chapter 10 - Preliminary Thermal and Orbital Spin Analysis of NanoSatellites

T=6C (10-25)
where
1 dP 3
—=—= - S. lodT" 10-26
6 dT all_%lgii{ l% ( )

is the thermal resistance for radiation into space, while:

C=mc (10-27)
is the heat capacity of the system. Then:
r= s 10-28
>le S, 4T (10-28)
all _faces

As AraMiS-Cl is a 6-sided cube of side 10cm, a = 0.9, mass m = 1.2kg of FR4 with specific heat
c =600J/kg/K.

Case 3, Thermal time constant of ArahiS-C1

0.35 0.4 0.45 0.s 0.55 0.6 0.65 07 0.7s n.a
T (hrs)

Figure 10.5: Thermal time constant of AraMiS-C1

The time required for AraMiS-Cl to attain the room temperature (23°C) is 37minutes.
Therefore thermal time constant of AraMiS-C1 satellite is around 37 minutes.
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10.4 Preliminary Spin Analysis led by a gradient of color

In this section we are going to present a preliminary spin analysis, induced by the color
(absorption coefficient) asymmetry of the outer surface of the satellite. We will considered
substantial contributions due to:

e Solar radiation and the Earth's albedo radiation
e Absorption coefficient difference on both sides of the bright face and
e Moment of inertia of the satellite

10.4.1 Preconditions

Let consider a system composed of N square faces of side L, adjacent to one another, arranged
in a plane illuminated perpendicularly. Each face is characterized by a uniform absorption
coefficient (a = 0.9) on all surfaces except on two symmetrical strips of width D, posed to the
opposing edges whose absorption coefficients are o, and a, respectively, with null photoelectric
efficiency y = 0 (or any solar panels off), a transmittance T = 0 (non-transparent surface) and a
reflectance p = 1-a :

D D

Figure 10.6: Structure with different colors.
We know that

e Solar radiation outside the atmosphere is Fs = 1366W / m” (solar constant).

e It can be assumed that the radiation due to Earth is given approximately by the product of
solar radiation by the Earth's albedo Fr = Fg * 0.4 = 546W / m’ (at a height of 800km this
is reduced by 80 % approximately).

e The radiation pressure of light from the sun and reflected from the Earth, for a non-
transparent body is:

p= FS +FT (2—0{)

. (10-29)

Where ¢ =2.998x10° m / s is the speed of light.
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Chapter 10 - Preliminary Thermal and Orbital Spin Analysis of NanoSatellites

10.4.2 Mechanical Analysis of the mechanical momentum and the spin induced

We consider the following formulas:
The radiation pressure on the central face lit creates no momentum with respect to the center of
the face as the absorption coefficient is uniform and the system is symmetric about its geometric
center.
e The force acting on each of the two side bands will be given by the product of pressure to
the surface of each colored band. Respectively

F =521 0 gD
C

Bt Py oyp
C

(10-30)
F

e  While the moment of these two forces, supposed to be imposed on the geometric center of
each band is given by their difference multiplied by the distance between the points of
application:

M:M(%—og1 D(L-D) (10-31)
C

e  While the angular acceleration due to the sum of N of these moments (as there are so
many faces) will be:

o=N (10-32)

where J is the moment of inertia with respect to the axis of rotation, assuming for
simplicity the tensor of inertia is diagonal (i.e. the momentum along one axis does not
generate rotations along axes perpendicular to it).

e The time required to rotate the satellite, initially without spin, with an angular velocity ® o
is given by:

r=% _@J (10-33)
o NM
e The moment of inertia is considered that of a uniformly filled sphere of radius R and mass

m.

_ 3mR?
5

J

(10-34)

In case of AraMiS-C1, which is a cube of six identical faces: we consider N = 1, L = 100mm
(side of the PCB), D = 10mm, a , - a ;= 0.3 (i.e. a gradient of color that is already high), M =
1.2kg and R = 140mmy;

In order to arrive at an angular rotation of ® = 1rpm, the time required is 0.2704 years.

149



10.4 Preliminary Spin Analysis led by a gradient of color

150



Chapter 11

Conclusion

The work discussed in this thesis allows to understand how to accommodate EPS and ADCS
subsystems of CubeSat standard satellite on a single tile. The design approach of AraMiS project
is adopted in the design, implementation and testing of all the subsystems. The 1B8 CubePMT
module is a fundamental step in designing and implementation of EPS and ADCS subsystems on
a single tile for CubeSat standard NanoSatellites. It illustrates an ingenious solution for resolving
conflicting constraints such as cost, power consumption and physical dimension. To implement
such a large number of subsystems on single module is never a trivial job. Best suitable results
have been achieved by proper selection of COTS devices with lower dimensions, cost and power
consumption. All the subsystem components are selected on the basis of efficiency and power
loss analysis.

The designed EPS is a fully functional system which can fulfill the power requirements of a
CubeSat standard nano-satellite, AraMiS-C1. The main requirement of the design was to get
higher efficiency and to reduce the overall size. To achieve this goal different COTS components
were analyzed in PSpice simulation and selected the best one on the basis of minimum losses and
small dimensions. This technique results in small space occupation and higher efficiency for the
EPS. Power budget is calculated in order to evaluate the EPS performance for the AraMiS-Cl1
satellite. The power budget of AraMiS-Clsatisfies the power budget criteria which means that the
designed EPS will guarantee nominal operation of AraMiS-C1 without troubles.

The most interesting feature of 1B8_CubePMT module is the implementation of magnetorquer
coil in PCB internal layers. The designed magnetorquer is totally reconfigurable. One can use any
combination of the coils for control of rotation and stabilization of the satellite. This
reconfigurable design gives a freedom in generating any amount of magnetic moment and control
power dissipation and heat generation inside PCB. The designed magnetorquer is integrated
inside the four internal layers of PCB and occupy no extra space in the spacecraft. The coils are
copper traces of extremely small dimensions which result in very low weight. More importantly,
the heat generated by the coils inside the PCB is quite low. It raises the PCB temperature just by
few degrees which is within the design temperature limits of the 1B§ CubePMT module. This
innovation not only reduces the overall weight and cost of the 1B§ CubePMT module but also
provides significantly compact design. Thus, providing enough space to accommodate more
subsystems. These attributes reflect that the designed magnetorquer coil is highly suitable for
1B8 CubePMT module of 1U AraMiS-Cl and other CubeSat standard NanoSatellites.
1B8 CubePMT also has different sensors in order to guarantee reliable and safe operation. All the
subsystems of the 1B8 CubePMT were tested. The results are according to the requirements.

The second part of the thesis, presented thermal modeling and thermal analysis of CubeSat
standard NanoSatellites. Thermal models have been presented for CubeSat and their panels.
Detailed and simplified models were attained for a single CubeSat panel. The two models should
have the same results. The corresponding models were applied to 1B8_CubePMT module and
thermal resistances of the 1B8 CubePMT module were found. The difference between the
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resistances values measured through both models is very low which verify the authentication of
the proposed models.

Thermal resistance of AraMiS-Cl satellite was found by employing the presented CubeSat
thermal model. In order to verify the value of the thermal resistance measured through CubeSat
model, AraMiS-C1 thermal resistance was measured inside a vacuum chamber. The two values
are very close, which indicates the authentication of the model presented for CubeSat.

From thermal modeling we can conclude two things. First, the presented models are reliable
and can be applied to CubeSat standard satellites. This conclusion is drawn on the basis of
theoretical and laboratory measurements. Thermal resistance measured theoretically for AraMiS-
Cl1 satellite using the proposed models have same result as that of measured through laboratory
setup. Secondly, the thermal resistances of 1B§ CubePMT module and AraMiS-C1 satellites are
very low.

The absorption coefficient was measured for 1B§ CubePMT module and the amount of power
absorbed by 1B8 CubePMT module and AraMiS-C1 satellite under different conditions is
calculated. Temperature difference between different points of the single tile and complete
satellite were found.

Thermal analysis of a small satellite in space environment was performed different heat sources
were discussed in detail. A thermal equilibrium equation for the satellite was found and satellite
temperature was found for different cases like thermal equilibrium and no heat generation by
satellite subsystems etc. AraMiS-C1 temperature was found in different cases of steady state and
transient analysis.

At the end, orbital spin analysis was presented on the basis of color difference between two
edges of the satellite. In light of these results, it can be concluded that the color gradient is not a
problem and can be neglected. This implies that there is no need to worry about the color of the
PCB of solar panels.
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1B8 CubePMT Schematics
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1B8 CubePMT Subsystems Testing Code
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Appendix B

Testing Code: 1B235 Simple Sun Sensor

#include "10430.h"
int main( void )
{
volatile unsigned int i;
// Stop watchdog timer to prevent time out reset

WDTCTL = WDTPW + WDTHOLD;

P5SSEL |= BIT1;
P5DIR &= ~BIT1;
UCSCTLA4 |= SELM_5;
ADCI12CTL1 = ADCI12SSEL _2;
ADCI12CTLO0 = ADC120N + ADC12SHT02 + ADC12REFON + ADC12REF2_5V;
// Turn on ADC12, Sampling time-
// On Reference Generator and set to
//2.5V
ADCI12CTLO &=~ADCI12ENC;
ADCI12CTL2 |- 0x0020;
//ADC12MCTL4 = ADC12SREF0*1 | ADC12INCHO*4 | ADC12INCHO*5;
ADCI12MCTLO |= 0x19;

ADCI12CTL1 = ADC12SHP; // ' Use sampling timer
/*ADC12MCTLO = ADCI12SREF _1; */ // Vr+=Vref+ and Vr-=AVss
for (1=0; i<0x0F30; i++); // Delay for reference start-up
ADCI12CTLO |= ADC12ENC; // Enable conversions
while (1)
{
ADCI12CTLO |- ADC12SC; // Start conversion
while (1(ADC12IFG & BIT0));
/I __no_operation(); // SET BREAKPOINT HERE
for (1=0; i<0x0F30; i++); // Delay for reference start-up
}
}
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Testing Code: 1B131B Voltage Sensor

#include "i0430.h"
int main( void )
{
volatile unsigned int i;
// Stop watchdog timer to prevent time out reset

WDTCTL = WDTPW + WDTHOLD;

P6SEL |= BIT7;

P6DIR &= ~BIT7,

UCSCTLA4 |= SELM_5;

ADCI12CTL1 = ADCI12SSEL 2;

ADCI12CTLO0 = ADC120N + ADC12SHT02 + ADC12REFON + ADC12REF2_5V;
// Turn on ADC12, Sampling time-
// On Reference Generator and set to
//2.5V

ADCI12CTLO &=~ADCI12ENC;

ADC12CTL2 |= 0x0020;

ADCI12MCTLO |= 0x17; // Analog Channel No
ADCI12CTL1 = ADC12SHP; // Use sampling timer
/*ADC12MCTLO = ADC12SREF _1; */ // Vr+=Vref+ and Vr-=AVss

for (1=0; i<0x0F30; i++); // Delay for reference start-up

ADCI2CTLO |= ADCI2ENC; // Enable conversions

while (1)

{
ADCI2CTLO |= ADC12SC; // Start conversion
while ({(ADC12IFG & BIT0));

/I __no_operation(); // SET BREAKPOINT HERE
for (1=0; i<0x0F30; i++); // Delay for reference start-up

}

H
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Testing Code: 1B131C Voltage Sensor

#include "10430.h"

int main( void )
{
volatile unsigned int i;
// Stop watchdog timer to prevent time out reset

WDTCTL = WDTPW + WDTHOLD;

P6SEL |= BIT?2;
P6DIR &= ~BIT2;
UCSCTLA4 |= SELM_5;
ADCI12CTL1 = ADCI12SSEL _2;
ADCI12CTLO0 = ADC120N + ADC12SHT02 + ADC12REFON + ADC12REF2_5V;
// Turn on ADC12, Sampling time-
// On Reference Generator and set to
//2.5V
ADCI12CTLO &=~ADCI12ENC;
ADCI12CTL2 |- 0x0020;
//ADC12MCTL4 = ADC12SREF0*1 | ADC12INCHO*4 | ADC12INCHO*5;
ADCI12MCTLO |= 0x12;

ADCI12CTL1 = ADC12SHP; // ' Use sampling timer
/*ADC12MCTLO = ADCI12SREF _1; */ // Vr+=Vref+ and Vr-=AVss
for (1=0; i<0x0F30; i++); // Delay for reference start-up
ADCI12CTLO |= ADC12ENC; // Enable conversions
while (1)
{
ADCI12CTLO |- ADC12SC; // Start conversion
while ({(ADC12IFG & BIT0));
/I __no_operation(); // SET BREAKPOINT HERE
for (1=0; i<0x0F30; i++); // Delay for reference start-up
}
}
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Testing Code: 1B132A Current Sensor

#include "i0430.h"
int main( void )
{
volatile unsigned int i;
// Stop watchdog timer to prevent time out reset
WDTCTL = WDTPW + WDTHOLD;
PSSEL |= BITO;
P5DIR &= ~BITO0;

UCSCTLA4 |= SELM_5;
ADCI12CTL1 = ADCI12SSEL 2;
ADCI12CTLO = ADC120N + ADC12SHT02 + ADC12REFON + ADC12REF2_5V;
// Turn on ADC12, Sampling time-
// On Reference Generator and set to
/1 2.5V
ADCI12CTLO &=~ADCI12ENC;
ADCI12CTL2 |= 0x0020;
//ADC12MCTL4 = ADC12SREF0*1 | ADC12INCHO*4 | ADC12INCHO*5;
ADCI12MCTLO |- 0x18;

ADCI12CTL1 = ADC12SHP; /I ' Use sampling timer
/*ADC12MCTLO = ADCI12SREF _1; */ // Vr+=Vref+ and Vr-=AVss
for (1=0; i<0x0F30; i++); // Delay for reference start-up
ADCI2CTLO |- ADCI2ENC; // Enable conversions
while (1)
{
ADCI2CTLO |= ADC12SC; // Start conversion
while ({(ADC12IFG & BIT0));
/I __no_operation(); // SET BREAKPOINT HERE
for (1=0; i<0x0F30; i++); // Delay for reference start-up
H
H
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Testing Code: 1B132D Current Sensor

#include "10430.h"

int main( void )
{
volatile unsigned int i;
// Stop watchdog timer to prevent time out reset

WDTCTL = WDTPW + WDTHOLD;

P6SEL |= BIT3;
P6DIR &= ~BIT3;
UCSCTLA4 |= SELM_5;
ADCI12CTL1 = ADCI12SSEL _2;
ADCI12CTLO0 = ADC120N + ADC12SHT02 + ADC12REFON + ADC12REF2_5V;
// Turn on ADC12, Sampling time-
// On Reference Generator and set to
//2.5V
ADCI12CTLO &=~ADCI12ENC;
ADCI12CTL2 |- 0x0020;
//ADC12MCTL4 = ADC12SREF0*1 | ADC12INCHO*4 | ADC12INCHO*5;
ADCI12MCTLO |= 0x13;

ADCI12CTL1 = ADC12SHP; // ' Use sampling timer
/*ADC12MCTLO = ADCI12SREF _1; */ // Vr+=Vref+ and Vr-=AVss
for (1=0; i<0x0F30; i++); // Delay for reference start-up
ADCI12CTLO |= ADC12ENC; // Enable conversions
while (1)
{
ADCI12CTLO |- ADC12SC; // Start conversion
while ({(ADC12IFG & BIT0));
/I __no_operation(); // SET BREAKPOINT HERE
for (1=0; i<0x0F30; i++); // Delay for reference start-up
}
}
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Testing Code: 1B133A Temperature Sensor

#include "10430.h"

int main( void )
{
volatile unsigned int i;
// Stop watchdog timer to prevent time out reset

WDTCTL = WDTPW + WDTHOLD;

P7DIR |= BIT3;
P70UT |= BIT3;
PIDIR |= BIT2;
P1OUT |= BIT2;
P7SEL |- BIT4,
P7DIR &= ~BIT4;
UCSCTLA4 |= SELM_5;
ADCI12CTL1 = ADCI12SSEL 2;
ADCI12CTLO = ADC120N + ADCI12SHTO02 + ADC12REFON + ADC12REF2_5V;
// Turn on ADC12, Sampling time-
// On Reference Generator and set to
//2.5V
ADCI12CTLO &= ~ADCI12ENC;
ADCI12CTL2 |= 0x0020;
//ADC12MCTL4 = ADC12SREF0*1 | ADC12INCHO0*4 | ADC12INCHO*5;
ADCI2MCTLO |= 0x1C;

ADCI2CTL1 = ADC12SHP; // Use sampling timer
/*ADCI12MCTLO = ADCI12SREF 1; */ // Vr+=Vref+ and Vr-=AVss
for (i=0; i<0x0F30; i++); // Delay for reference start-up
ADCI2CTLO |- ADCI2ENC; // Enable conversions
while (1)
{

ADCI12CTLO = ADC12SC; // Start conversion
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while ((ADC12IFG & BIT0));
/I __no_operation(); // SET BREAKPOINT HERE
for (i=0; i<0x0F30; i++); /I Delay for reference start-up
H
H

Testing Code: 1B221 Magnetometer

#include "10430.h"

int main( void )
{
volatile unsigned int i;
// Stop watchdog timer to prevent time out reset

WDTCTL = WDTPW + WDTHOLD;

P1DIR |= BITS; // C_D9 EN PWM-2 (Magnetometer enable)
P1OUT |= BITS;

PIDIR |=BIT2; // B_D8 ID (REF-3V_enable)

P1OUT |= BIT2;

P7DIR |= BIT3; // B_D0_Rx_SOMI (5V_enable)

P70UT |- BIT3;

P6SEL |= BITS; //IMAGN_X

P6DIR &= ~BITS5;

//P6SEL |= BIT4; //MAGN y
//P6DIR &= ~BIT4;

ADC12CTLO = ADCI120N + ADC12SHTO02 + ADC12REFON + ADC12REF2 5V;
// Turn on ADC12, Sampling time
// On Reference Generator and set to
1125V

ADCI12CTLO &=~ADCI12ENC;
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ADCI2CTL2 |= 0x0020;
//ADC12MCTL4 = ADCI12SREF0*1 | ADC12INCHO*4 | ADC12INCHO*5;
ADCI2MCTLO |= 0x15;

// ADCI12MCTL2 |= 0x14;

ADCI12CTL1 = ADC12SHP; // Use sampling timer
/*ADC12MCTLO = ADCI12SREF _1; */ // Vr+=Vref+ and Vr-=AVss
for (1=0; i<0x0F30; i++); // Delay for reference start-up
ADCI12CTLO |- ADC12ENC; // Enable conversions
while (1)
{
ADCI12CTLO |- ADC12SC; // Start conversion
while ((ADC12IFG & BIT0));
/I _no_operation(); // SET BREAKPOINT HERE
for (1=0; i<0x0F30; i++); // Delay for reference start-up
b
H
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