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[bookmark: _Toc70341340]1.0 Executive Summary
[bookmark: _3994mczyfml]Space exploration has become increasingly more popular throughout the last decade as different companies have taken on risks and challenges to make reaching space more accessible. As technology has advanced, so have our capabilities to develop different methods to aid in space exploration. One of these methods, and the focus of this project, is the Attitude Determination and Control System (ADCS) that is widely available in satellites. This system aids in the navigation of satellites and spaceships in outer space, allowing them to maneuver and orient themselves to a desired path once in orbit. 

There are various subsystems in an ADCS that work together to stabilize a spacecraft. The attitude of the satellite refers to its three-dimensional orientation in orbit. Attitude systems refers to the sensors, inputs, software, and components that take various measurements/readings that are then used to have a microcontroller make a decision and control the attitude of the satellite. The attitude control portion refers to the action that is to be made to correct the positioning of the spacecraft, based on the collected readings from the sensors. It uses a frame of reference that is not under the effect of accelerations, also known as an inertial frame of reference, to determine how much correction is needed.  Taking all these concepts into account, we want to create our own ADCS system to orient a nanosatellite in lower-Earth orbit, the TubeSat 2.0, manufactured by Interorbital Systems (IOS). 

The TubeSat 2.0 is a nanosatellite of cylindrical shape that consists of a microcontroller unit, solar panels, battery, antenna, sensors, and other various components that contribute to the functionality of the satellite. One disadvantage of this satellite kit is that it does not have a controlling mechanism; that is, one it is launched to space, a high possibility exists that it will not have a stable orientation. Having a satellite tumbling in space is highly undesired because this can ruin sensor measurements and can compromise its structural integrity. This issue brings up the need to create an ADCS system for this specific nanosatellite that is low-cost, efficient, and highly effective. 

Since the payload space of the TubeSat 2.0 is small and is constrained by a weight limit, we cannot implement a thrust device, such as a rocket engine. Also, this option would be very expensive and would require more resources to develop. We want to develop a better option by using reaction wheels along with the concept of angular momentum to orient our satellite in space. A motor is needed to spin the reaction wheels at different speed settings, as required by the ADCS system. The control system itself will be designed in the software that will be uploaded to the microcontroller. This program, along with the microcontroller, will take inputs from the equipped sensors and decide a plan of action to take by sending signals to the motors that spin the reactions wheels. Once the desired orientation is reached, the wheels will come to a stop. This process will be implemented on a continuous loop, so that if an external force acts on the nanosatellite, the program will execute again to control the system. 

The TubeSat is a battery-powered nanosatellite that uses solar panels to recharge as needed. This fact brings up a major constraint in this project, which is power efficiency. We want to design the ADCS as efficient as possible, using on-board components when needed, and turning them off when not required. Also, a better efficiency implies that we need motors that will not have a high current draw, while also outputting a decent amount of power. Because of this reason, using brushless DC motors will prove to be effective in this project, since they are characterized for being highly efficient and for having a high output power to size ratio. 

One of the many concerns when using reaction wheels as part of the ADCS system, is how fast the system will reach the desired orientation. We want to have a system that will respond fast to external torques on the body of the satellite. This can be accomplished by choosing a microcontroller with a fast clock, as well as motors with a high torque. Having a fast clock signal on the microcontroller will mean that the program instructions will execute faster, so that the time taken between taking sensor inputs and outputting the motor signals would not be too long. This, in conjunction with high-torque motors, will spin the reaction wheels in a timely and efficient manner to stabilize our satellite. 

Having a prototype is an essential part of this project because we want to work on any problems that may arise on a “test” system before we implement a final product. This will diminish the chances of having defects in the final ADCS system on the TubeSat. We will have to test the software functionality on a test microcontroller board, while also simulating the actual satellite mass and moment of inertia on a prototype. 

Testing the functionality of an ADCS system requires a specific set of conditions. Because this system is intended to work in space, for testing purposes we must have an environment with similar conditions to those found in space. The testing environment must be free of any friction and must also be able to provide external forces to the satellite so that we can test various scenarios. A test plan must also be developed, because we might encounter some issues along the way that should not exist in the final product.  The test plan shall provide steps to take as well as detail what to do in certain situations. Once all of the items in the test plan are checked off, we will have a functioning ADCS system that is ready to be implemented in the TubeSat 2.0. 

[bookmark: _eapk4dfb4k0f]The ADCS system with the reaction wheels will be an excellent control and stabilization device for the nanosatellite, which will then provide us with the possibility to implement more sensors and equipment that could be used in future projects. 
[bookmark: _Toc70341341]2.0 Project Description
UCF Senior Design Group 21 will be prototyping and developing an Attitude Determination and Control System (ADCS) for a TubeSat (CubeSat-type) using reaction wheels. The design components of our project will consist of the optimization of the reaction wheels’ parameters and material, motors’ power and torque, printed circuit board’s format, hardware and software integration, overall power budget, and communications link budget. The largest constraints we are facing are having the entire project be light weight in order to be under the payload standards and low cost as the kit itself is already very expensive. 
 
The kit we are working on as a base is the TubeSat 2.0 kit from Interorbital Systems. The parts that are included in the kit are: a single board controller, radio, power management & battery, ATmega2560 microcontroller, 433MHz radio transceiver with built-in 1.5W amplifier, 9-degree-of-freedom inertial measurement module, temperature monitored battery cells, icosagon frame, 3-cell Li-Ion battery, 18 solar panels (196mW each), and 4MBits external FRAM memory.  
 
Our plan for the realization of this project consists of three major phases:  
1. Prototyping within Design Constraints 
2. Optimization of System Characteristics 
3. Final Development and Integration for Launch.  
 
In order to accomplish Phase 1, we have to design components that will operate under constraints. The sequence of prototype design will be as follows: 3.3V Microcontroller Unit -> 5V Step-Up Voltage Regulator -> Brushless DC Motor Driver -> Brushless Motor -> Reaction Wheel. The next step is to procure materials in order to prototype and test the system, taking into account lead times, costs, and quality. This prototype will be tested in the Earth environment, so we will be using the Z-Axis as the reference frame in order to successfully see if our goal of developing an ADCS is met within our design constraints.  
 
Our goal for optimization in Phase 2 is dependent mostly on reaction wheel parameters and material. We want to achieve the maximum axial moment of inertia of the wheels in order to reduce the time it will take to stabilize the satellite. This will also reduce the energy needed to apply the necessary angular momentum and the overall energy strain on our power block.  
 
[bookmark: _sjq5fu1ik0e6]Finally, Phase 3 is intended to adjust our design based on previous phases, in addition to the implementation of the design to the other two axes. Taking the Z-Axis final design, we can implement it in the X and Y direction but have to position the wheels based on the change to the center of mass that is created with the additional mass. We will then create a printed circuit board that integrates and houses three motors, three wheels, three drivers, and one step-up voltage regulator. This PCB can then seamlessly be integrated into our final launch configuration.

[image: A plane flying in the sky

Description automatically generated with low confidence]
Figure 1 - Launch Configuration
[bookmark: _u0t34p7k9ac9][bookmark: _Toc70341342][bookmark: _8i1xvdimab03]2.1 Motivation
[bookmark: _owvozmsak55e][bookmark: _4gfmj2jf7js9]The driving force behind this project is to demonstrate that reaction wheels are a suitable form of orientation mechanism for nanosatellites, while also showcasing the skills and knowledge that we have gained throughout our careers at the University of Central Florida. We will have a chance to work together and collaborate as a group, adding valuable experience for our future careers. Since our team consists of four electrical engineering students, each of us will take on different responsibilities, while also acquiring knowledge on new engineering topics. By the end of this project, we hope to share our individual self-acquired knowledge with the rest of the team members, and this will prove to be a very important asset in our futures. 
[bookmark: _2nb51yf43rbm][bookmark: _Toc70341343]2.2 Goal
This project is intended to lay the groundwork for future missions conducted by The Collegiate Space Foundation at UCF. The Collegiate Space Foundation at UCF is a student organization committed to the design and development of space-based projects. In today's world, many educational organizations are participating in designing and building what is known as CubeSat projects. CubeSats are small scale satellites that are constrained to a volume of 10 cm^3. These satellites make it possible for organizations to develop a project at a fraction of the cost of a regular satellite seen in orbit. Not only is it cost effective to develop but it is also cost effective to launch. Since the size of the satellite is relatively small, most of the time a ride is hitched on a larger payload at a fraction of the cost. In some instances, the National Aeronautics and Space Administration will cover the cost of your launch if your project has any kind of research that can be beneficial to science. With that said, we live in a world where it is possible now to work on space-based projects and send them to orbit at a reasonable cost.

Instead of the CubeSat, The Collegiate Space Foundation at UCF decided to work on a kit known as a TubeSat. The TubeSat is relatively similar to the CubeSat but they differ in geometry. A change in geometry affects some specifications of the mission but they are negligible for the discussion of this project's goal. Every member of this senior design project is a member of The Collegiate Space Foundation at UCF and we want nothing more than to leave a long-lasting legacy at the University. We intend to do that by designing and developing a subsystem that will serve critical for missions in the future whether the organization utilizes the TubeSat or CubeSat Design. 

Depending on the experiment being conducted, usually every satellite requires an Attitude Determination and Control System for stabilization in orbit. This is also taken into consideration when communicating with your ground station. Some satellites are equipped with directional antennas and pointing accuracy is extremely important. The only way to achieve high pointing accuracy is by using an Attitude Determination and Control System. So, you can see why this subsystem is so important when conducting a mission of this nature.

This group intends on designing and developing a subsystem of high portability. Even though the system is of course being retrofitted into a TubeSat and held to many design constraints, the team hopes to reuse this design in successive missions. All one would have to do is manipulate the size of a few components to meet the constraints of the given project. This Attitude Determination and Control System will be launched to orbit to prove out its functionality and its efficiency to stabilize an object in space.
[bookmark: _481gkk2ve83d][bookmark: _Toc70341344]2.3 Related work
The attitude determination control system is an industry-standard way of orienting vessels in space. Controlling attitude requires sensors to measure vehicle orientation and velocity. In the space probes Voyager 1 and Voyager 2, they employ a three-axis stabilization method, but they use mass-expulsion control. Another method for achieving three-axis stabilization, is to use electrically powered reaction wheels as used in the International Space Station. This method uses the angular moment provided by the wheels to generate a force to stabilize or move the vessel as desired. This can be accomplished by using either three reaction wheels or six reaction wheels (one or two per axis). The six-reaction wheel method has the potential to be faster and have greater control of stabilization as you can speed up or slow down the necessary wheel to generate moment desaturation or “momentum unload maneuvers.” A different approach was used by the Hubble Space Telescope, which used magnetic torquers instead of mass-expulsion or reaction wheels. Magnetic torquers (Magnetorquers) for low-earth orbit creates a magnetic dipole that interfaces Earth’s magnetic field so that the counterforces produced provide torque. The field is controlled by the magnitude and direction of current flow through coils and even turning the current off or on. 

Taking into considerations the three different ways to create an attitude determination control system we selected a reaction wheel three-axis method with three wheels. 
[bookmark: _bhbbkdvmywp8]When looking at related projects that used mass-expulsion methods, we saw that the most viable method would be pressurized air containers that would expel compressed air to stabilize each axis. This would require six micro air cylinders in order to fulfill the engineering requirement of stabilizing three axes. Each micro air cylinder would only have .5lbs of force and we would have no capability of refilling them once launched into space. In addition, due to the size restrictions of the cylinders, we could only have single acting reactions. This would mean that no further correction would be possible if necessary. 
[bookmark: _58a562yh6gy]
[bookmark: _1f34xphu7iy0]When looking at related projects that used magnetorquers, we found that the technology is fairly new. This led to a couple considerations that we then verified. The first consideration was cost. A magnetorquer for a TubeSat would cost $1,200 and would take between 2-4 months to procure from a reputable source and greatly needed quality documents, technical specifications, and datasheets. To meet the engineering requirement, we would need 3 of these, which would increase the overall price of our project substantially. In addition, the magnetorquers have random vibrations at around 14g, which would amount to 42g for all three. This could significantly affect the calculations and assumptions we would use in our code to reach stability between the force used by the magnetorquers and the data provided by the gyroscope. This effect is not as prominent on earth because of the effects of gravity, but since we are not able to simulate a vacuum for our project, it seemed like an unnecessary risk. 
[bookmark: _rwodcy6tekbf]
[bookmark: _59a0a2vcm2vi]Unfortunately, there has not been an implementation of a TubeSat attitude determination control system to date, but there have been a few employed on CubeSats. The main difference would be the geometry and space allocation we are given, which is slightly more complex and smaller respectively, but it still accepts that an attitude determination control system on a NanoSat device is viable.
[bookmark: _oimb8mmdcdxb][bookmark: _Toc70341345]2.4 Requirement Specification
Due to there not being application of an ADCS system on a TubeSat at the time of this project implementation, we are using the following to form our engineering specification in order to make it abstract, unambiguous, verifiable, traceable, and realistic. 
Our requirement for this experiment is to create an attitude determination control system, where it reacts to its current movement to stabilize itself into a non-moving state.
The testing we will be using will be to rotate along the z-axis, since we are not able to easily simulate a no-gravity area for testing all three axes at the same time. This will be repeated for each of the axes without moving any of the wheels as each wheel should work independently in space. This testing should give us a very close demonstration of how all three wheels would work simultaneously, when launch into space.
The following are all the constraints our project has:

· The system will have a max wheel diameter of 20mm per wheel
· The system must produce a total angular momentum of 1.4 * angular velocity in the x direction
· The system must produce a total angular momentum of 1.54 * angular velocity in the y direction
· The system must produce a total angular momentum of 1.16 * angular velocity in the z direction
· The motor voltage must not exceed 5V
· The system’s additional parts must not exceed a mass of 300g
· The system shall be capable of charging 0.784W
· The system shall be capable of supplying 3.528W
· The PCB of the system shall not exceed 90mm in diameter
· The motor controller operating voltage shall range from 3.3-5V
· The motor controller supply voltage must not exceed 5V
· The voltage regulator must step up from 3.3V to 5V
· The main board must contain at least 3 pins
· The external FM memory must be able to store 4MB of data
· The system’s clock signal must be at 8MHz
· The system’s maximum volume must not exceed 495.88cm^3
· The reaction wheel thickness must not exceed 1/8 inch
· The motor length including the stator must not exceed 20mm
· The system’s software must be compatible with the Arduino IDE
· The total cost of parts and services excluding the IOS TubeSat kit should not exceed $1000
· The microprocessor shall be capable of pulse width modulation
· The motor shall be driven by use of pulse width modulation
· The FM frequency should range between 30MHz to 40GHz
· The Inertial Measurement Unit should be capable of outputting a 3-axes analysis of velocity and acceleration
· The system should be capable of working in space conditions
· The test rig of the system should be as frictionless as possible
*” The system” refers to everything that will be mounted inside or on the IOS kit*





The constraints we are going to be actively testing during our demonstration can be outlined in the table below:

	Project Requirement
	Objective
	Value

	Max Wheel Diameter / Motor Length + Stator
	Less Than
	20mm

	Total angular momentum needed to be produced by wheel in x direction
	Maximize
	1.4 * angular velocity

	Total angular momentum needed to be produced by wheel in y direction
	Maximize
	1.54 * angular velocity

	Total angular momentum needed to be produced by wheel in z direction
	Maximize
	1.16 * angular velocity

	Motor Voltage
	Equals
	5V

	Overall Mass (not including TubeSat)
	Less Than
	300g

	PCB Maximum Diameter
	Less Than
	90mm

	Motor Controller Operating Voltage
	Between
	3.3-5V

	Main Board Pin Availability for PWM
	At Least
	3pins

	Software
	Must Be Compatible With
	Arduino IDE


Table 1 - Project Requirements
[bookmark: _v7axkh6s1moi][bookmark: _Toc70341346]2.4 Marketing and Engineering Requirements
[image: ][image: Table
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Figure 2 - House of Quality
The house of quality is a great way to organize the requirements of our project and how they interact with one another. The most important factors as can be seen in Figure 1 are going to be maximizing angular momentum generated by the reaction wheels, minimizing the total weights of all parts in order to meet the requirement, and minimize the power consumption of the motors and other electronics in the system.

[bookmark: _ikch6gwt2ux4][bookmark: _Toc70341347]2.5 Testing and Measurement of Success
The proposed measurement of testing and success is split up below into major functions of the project. This was the proposed breakdown of the project per team-member. In this way, the project is handled with a scope breakdown similar to a WBS (work breakdown structure). This will be evaluated at the end of the project to reflect any changes that might have occurred in order to facilitate execution or improve project efficiency.

The real project status will be tracked through Microsoft Planner as well as the Primavera (P6) scheduling tool.
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[bookmark: _bvextmtxxkj2]

[bookmark: _Toc70341348]3.0 Research and Part Selection
In this section, a comprehensive market research will be followed up by a technology comparison. After completing a comparison between the various technologies touched upon in the next section, there will be a parts selection based on the requirements and constraints set forth by the team. 

This table has had multiple revisions due to item shortages, mostly due to the COVID-19 pandemic limiting manufacturing importations and production rates. This is evident throughout electrical and mechanical product lines throughout the United States.

The overall part selection can be demonstrated in Table 2. The overview of each of the individual units will be summarized, with an introduction to the technology behind them, and then an in-depth technological view will be established for each of the units selected.

	Technology Selection
	Part Selected

	Commercial Nano-Satellite Kit
	Interorbital Systems TubeSat 2.0

	Microcontroller
	ATmega 2560

	BLDC Motor
	Precision Microdrive’s BLDC Motor

	Motor Driver
	TI Motor Driver (DRV10964)

	Inertial Measurement Unit
	Bosch BMX160

	Transceiver
	Silicon Labs SI4464 Transceiver

	Amplifier
	Qorvo RFFM6406 Amplifier

	Step-up Voltage Regulator
	TI TPS61232


[bookmark: _tqy4uxni0j3v][bookmark: _Toc70341349]3.1 Market Research and Existing Commercial Kits  
An overview of existing commercial products on the market will be conducted in order to review the best suited components/products for this project. Amongst some of the products visited are small satellite kits, microcontrollers, motors, voltage regulators, motor drivers, etc. These existing products will aid the team in the design for prototype and integration stages.

The one fundamental similarity in these kits is that they are used in Low-Earth Orbit (LEO). This is the same orbit type of the International Space Station (ISS). All of our products should be able to function in this orbit.
[image: Smallsat Technology for Low-Earth-Orbit Applications]
Figure 3 - Low Earth Orbit Example
[bookmark: _b8z31yb0u85g][bookmark: _Toc70341350]3.1.1 Pumpkin Space Systems CubeSat Kit
The Pumpkin Space Systems CubeSat Kit includes hardware solutions (structure, Command & Data Handling (C&DH) module with mass storage capability, Remove Before Flight (RBF) pin and separation switches), software tools (Real-time Operating System (RTOS), library, flash file system), development tools (programmer/debugger) and documentation. The electronics and software are based on the Microchip PIC24FJ256GA110 low-power 16-bit Microcontroller Unit (MCU). The price of this system is $8,750.00 USD without the option of launch to Low Earth Orbit (LEO).
[bookmark: _75ona0v36gaj][bookmark: _Toc70341351]3.1.2 Interorbital Systems CubeSat 2.0 Kit
The IOS CubeSat Kit is currently the lowest-cost professional-quality CubeSat kit on the market. It is assembled with high-quality, custom-printed circuit boards and precision laser-cut aluminum components. The CubeSat 2.0 kit has specifications and upgrades which include hardware ( Printed Circuit Board (PCB) structure, 2x4 Mbits FRAM Memory, Atmega2560 8-bit MCU, integrated micro-USB port, 9-degree-of-freedom inertial module, 4 durable 1.37W solar cells, 4 Lithium Ion batteries, 1.5W high-efficiency radio transceiver with built-in amplifier, Alpha-Beta-Gamma radiation sensor, Real-time clock, Dipole communications antenna, 2 sub-miniature deployment switches), software which is compatible for programming/debugging in the Arduino Integrated Development Environment (IDE). The price of this system is $11,000.00 USD without the option of launch to LEO. The price of the system and launch with a payload mass of 1.33 kg to polar LEO is $22,000.00 USD.
[image: ]
Figure 4 - IOS CubeSat 2.0 Satellite
[bookmark: _xhrxrl4ph62][bookmark: _Toc70341352]3.1.3 Interorbital Systems TubeSat 2.0 Kit
The IOS TubeSat Kit is currently the lowest-cost professional-quality satellite kit on the market. It is assembled with high-quality, custom-printed circuit boards and precision laser-cut aluminum components. The CubeSat 2.0 kit has specifications and upgrades which include hardware ( Printed Circuit Board (PCB) structure, 4 Mbits FRAM Memory, Atmega2560 8-bit MCU, integrated micro-USB port, 9-degree-of-freedom inertial module, 18 durable 178mW solar cells, 3 Lithium Ion batteries, 1.5W high-efficiency radio transceiver with built-in amplifier, Alpha-Beta-Gamma radiation sensor, Real-time clock, Dipole communications antenna, 2 sub-miniature deployment switches), software which is compatible for programming/debugging in the Arduino Integrated Development Environment (IDE). The price of this system is $6,200.00 USD without the option of launch to LEO. The price of the system and launch to polar LEO with a payload mass of 0.75 kg is $12,400.00 USD.

[image: ]
Figure 5 - IOS TubeSat 2.0 Satellite
[bookmark: _Toc70341353]3.1.4 Part Selection of Commercial NanoSat Kits
Selecting the kit we wanted to use for our project came down to three main aspects: Cost of the System (including launch to LOE), capabilities of the kit, and the value added our project would bring to the community. 

When comparing costs, we looked at two main factors. The first factor is the price of the system. In this regard the Interorbital Systems TubeSat 2.0 kit was definitely the cheapest option. The second factor was the cost of launch with respect to the payload amount ($/g). The Pumpkin Space System CubeSat kit did not come with the opportunity to launch it into space, so we would have to pay a private company to do so. The quote for this was roughly $25,000 just for the launch, which would overshoot the other two competitors by a large margin. The Interorbital Systems CubeSat’s launch price was $8.2/g, while the Interorbital Systems TubeSat was $8.27/g. 

The next consideration was the capabilities of each of the kits. The main difference between the kits from Interorbital Systems and from Pumpkin Space System, was that the Interorbital Systems came with lithium batteries, solar cells, an Arduino MCU, a radio transmitter, and a built-in inertial measurement unit. All of these additional parts were planned on being built into the system anyways, so it further reduced the cost of materials we would have to procure. Between the CubeSat and the TubeSat, there were minor differences, like one less lithium battery in the TubeSat and a 2x4 Mbit FRAM memory instead of a 1x4 Mbit FRAM memory. If we were planning on storing more data, then this would be a heavier consideration, but for this project it was not a deciding factor.

The final consideration was probably the most important in our decision between the CubeSat and the TubeSat from Interorbital systems. We spoke to the representatives in Interorbital systems to see what their systems have been used for. They spoke great quantities of the CubeSat being used for a variety of projects including the implementation of an attitude determination control system. Meanwhile, Interorbital Systems conveyed that the TubeSat is a relatively new product for them and for the industry as a whole. For the TubeSat, they currently had a communication project and were internally trying to see if they could develop an attitude determination control system using magnetorquers. This led to a discussion of the possibility of us developing an attitude determination control system using reaction wheels and they offered us a discount on the kit as well as potentially further discounts on launch prices. For us, this not only motivated us through pathos, by being able to support technology development, but also reduce the costs of an already expensive senior design project.

In the end, we selected Interorbital Systems’ TubeSat kit due to the lowest costs, better or comparable kit compatibility to its competitors, and highest personal satisfaction at the end of the project. 
[bookmark: _Toc70341354]3.2 Microcontrollers
Microcontrollers at their base are used as kits for building digital devices. It is an integrated circuit device used for controlling other portions of an electric system. The market is saturated with microcontrollers each having a variety of microprocessors and controllers, equipped with sets of analog input/output pins, and will be critical to our design as we will be using to interface our prototype breadboards as well as our finalized PCB. Some considerations when looking at microcontrollers are the quantity of I/O pins, if they include a USB port, size, weight, and voltage range. Due to the reliability of both the software and the hardware, we have decided to go with a microcontroller from Arduino since they have open-source software, highly rated products, datasheets for every item, relatively low costs, and short lead times.
[bookmark: _Toc70341355]3.2.1 AVR ATmega32U4 Microcontroller
The ATmega32U4 is an 8-bit microcontroller that uses the AVR Reduced Instruction Set Computer (RISC) architecture. It operates on a voltage range from 2.7 to 5.5 volts and capable of achieving a CPU speed of 16 MIPS. These characteristics make it a low-power choice for a microcontroller. Within the core of the microchip, we can find 32 general purpose working registers, which are directly connected to the Arithmetic Logic Unit (ALU). This allows for two registers to be accessed within the same clock cycle, making the code very efficient while also achieving high CPU speeds. The microcontroller also offers four Timer/Counter modules with capture compare and PWM modes. The Timer/Counter modules with the PWM feature can be used to drive motors, LED brightness, or other devices that require a variable frequency to operate. 
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Figure 6 - ATmega32U4 Microcontroller
The first timer module offered in the ATmega32U4 is Timer/Counter0 with PWM. This is a general purpose 8-bit module that supports PWM. It features two independent output compare units, double buffered output compares registers, clear timer on compare match, phase correct PWM, variable PWM period, frequency generator, and three independent interrupt sources. 

The second and third modules are 16-bit Timers/Counters (Timer/Counter1 and Timer/Counter3). The 16-bit timer unit allows for a higher resolution which translates to better precision when timing events. The main features on this unit are: three independent output compare units, double buffered output compare registers, one input capture unit, input capture noise canceller, clear timer on compare match, phase correct PWM, variable PWM period, frequency generator, external event counter, and ten independent interrupt sources. 

The fourth and last timer module is the 10-bit High Speed Timer/Counter4. This module features up to 10-bit accuracy, three independent output compare units, clear timer on compares match, phase and frequency correct PWM, enhanced PWM mode, variable PWM period, synchronous update of PWM registers, five independent interrupt sources, and high speed asynchronous and synchronous clocking modes. 

The ATmega32U4 can be found on the Sparkfun Pro Micro development board, which operates on an 8MHz clock at 3.3 volts. The on-board micro-USB connector makes it possible to connect the ATmega32U4 to a computer and program it is using Arduino, since it is also supported under Arduino IDE. This board features nine 10-bit ADC pins, twelve Digital I/O pins with five being PWM capable and it has a size of 1.3 x 0.7 inches. These features will allow us to use the ATmega32U4 to drive motors using the Timer/Counter modules to modify the PWM frequency of the output pins.
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Figure 7 - Sparkfun Pro Micro-Development Board
[bookmark: _6y5ax9hahl4y][bookmark: _Toc70341356]3.2.2 AVR ATmega2560 Microcontroller
The ATmega2560 is a high performance, low power AVR 8-bit microcontroller with an advanced RISC architecture capable of 16 MIPS throughput at 16MHz. This microcontroller has many features that are similar to the 32U4, but some notable ones are: 256K bytes of In-System Programmable Flash with Read-While-Write capabilities, 8Kbytes of SRAM, 32 general purpose working registers, six flexible Timer/Counters with compare modes and PWM support, and a 16-channel, 10-bit ADC. This microcontroller is found on the Arduino Mega 2560 development board, which operates at a clock of 16 MHz and 5 volts, making it a versatile choice because of the ease of programming with Arduino. 

Just like the ATmega32U4, the ATmega2560 has an 8-bit Timer/Counter0 with PWM with the same features of the former, four 16-bit Timer/Counters (1, 3, 5, and 5) with twenty independent interrupt sources, and an 8-bit Timer/Counter2 with PWM and Asynchronous operation.

Timer/Counter2 is a general purpose, single channel timer module that features a clear timer on compare match, phase correct PWM, frequency generator, a 10-bit clock pre-scaler, and allows clocking from external 32kHz Watch Crystal Independent of the I/O clock. 

The development board made by Arduino that uses the ATmega2560 provides us with 54 digital pins, 16 analog inputs, and 4 serial ports. The board allows 15 of these pins to be used for PWM outputs, providing more options than the Sparkfun Pro Micro. 
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Figure 8 - Arduino Mega 2560 Development Board
[bookmark: _mkbsuqkdcfe][bookmark: _Toc70341357]3.2.3 Part Selection of Microcontroller
For this selection, the kit we selected already came with the Arduino Mega 2560. Luckily, it is what we would have selected if we would have had an option. Not only does it meet our space and voltage requirements, but it also provides us with greater options due to the additional analog inputs, serial ports, and PWM outputs. This makes testing connections easier, it allows for the possibility of programming redundancy, and in case of an event where a pin is damaged, we will not be affected. In addition, the open-sourced coding is a big benefit if we are troubleshooting code or are testing pin functionality.
[bookmark: _Toc70341358]3.3 DC Electric Motors
Electric motors work by converting electrical energy into mechanical energy in order to create motion. The motor is made by using a stator (permanent magnet) and an armature. Passing a current through the armature creates a magnetic field clockwise throughout the wire. By adding the stator, you create a permanent magnetic field that combines with the field created by the armature. This effect will oppose and attract simultaneously and rotate the armature. This motion is attached to a shaft that is rotated and is what we will be using to rotate our reaction wheels.
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Figure 9 - DC Electric Motor Demo
The image above is a simplified version of the motors we will be considering as single coil motors are not the standard due to the probability of jamming from magnetic alignment and lack of constant velocity. In general, the more sets of coils the smoother the rotation will be and the lower risk of jamming. In our project we will be using three-coil motors as they are industry standard and have much smoother rotation.
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Figure 10 - Three-Coil DC Motor
A consideration that we had to make was whether we should use a brushless DC motor or a brushed motor. The advantages of a brushless motor are higher efficiency and longer lifespans, while a brushed motor is less expensive. The disadvantages of a brushless motor are a higher cost and the need for a controller, while the disadvantages of a brushed motor are that they are less efficient, they wear over time, and have much higher heat dissipation. Heat dissipation, especially in the event of a spark can be devastating to our systems that are so close in proximity due to limited space. We decided to narrow down our part selection to Brushless DC Motors due to the fact that we rather have to deal with higher electrical costs and greater motor drive complexity than a potential malfunction and decreased efficiency when we have limited battery storage.
[bookmark: _Toc70341359]3.3.1 Precision Microdrives BLDC Motor (Model: 712-100.001)
Model 712-100.001 from Precision Microdrives comes with an array of useful parameters and specifications. Precision Microdrives Model 712-100.001 is bound by the following physical specifications: body diameter of 15 mm (max body diameter or max face dimension where non-circular), body length of 15.5 mm (excluding shafts, leads and terminals), unit weight of 7.8 g, 1 shaft output, shaft diameter of 1.5 mm, inline shaft orientation, shaft length of 21 mm (measured from motor body face). 

The construction specifications are as follows: permanent motor construction, sensor-less commutation, external drive electronics, 3 poles, ball bearing type. The leads and connectors specifications are characterized as such: 3 wires/3-phases, 100 mm lead length (lead lengths defined as total length or between motor and connector), 4 mm lead length, 28 AWG gauge lead wire, straight lead configuration. 

Operational specifications of the motor are: 5V rated voltage, 6V maximum voltage, 0.5 mNm rated load (maximum continuous torque), 14,000 [+/- 2,100] RPM rated load speed (at rated voltage under fixed torque at rated load), 16,000 [+/- 2,100] RPM no load speed (measured at rated voltage), 160 mA maximum no load current (measured at rated voltage), 1.25 A maximum start current (at rated voltage), 300 mA maximum rated load current (at rated voltage under fixed torque and rated load), and 1 MOhm minimum insulation resistance (at 50V DC between motor terminal and case.

The following characteristics of the motor are the typical operating parameters of the product. At the rated voltage and load, the motor experiences a rated load power consumption of 1.25 W. Other typical performance characteristics are: no load current of 90 mA (at rated voltage), peak efficiency of 50%, start current of 1A (at rated voltage), peak effective torque of 0.5 mNm, peak effective speed of 11,500 RPM, peak effective current of 250 mA, peak effective power out of 650 mW, maximum output power of 900 mW, maximum winding resistance of 6.75 Ohm, maximum winding inductance of 50 uH. 

This last bit of specifications entails the environmental characteristics of the motor: maximum operating temperature of 45-degree Celsius, minimum operating temperature of -15 degrees Celsius, maximum storage & transportation temperature of 80 degrees Celsius, and a minimum storage & transportation temperature of -30 degrees Celsius.
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Figure 11 - Precision Microdrives BLDC Motor
[bookmark: _w893fr4ru55m][bookmark: _Toc70341360]3.3.2 Maxon Group BLDC Motor (Part Number: 339255)
Part Number 339255 from Maxon Group comes with equipped with useful parameters and specifications. Maxon Group Part Number 339225 is bound by the following values at nominal voltage: nominal voltage of 6V, no load speed of 9070 RPM, no load current of 53.6 mA, nominal speed of 3030 RPM, nominal torque (maximum continuous torque) of 3.22 mNm, nominal current (maximum continuous current) of 560 mA, stall torque of 5.29 mNm, stall current of 900 mA, maximum efficiency of 59 %. 

The following motor characteristics are summarized as such: thermal resistance of 6.67 Ohm, thermal inductance of 639 uH, torque constant of 5.88 mNm/A, speed constant of 1620 RPM/V, speed/torque gradient of 1840 RPM/mNm, mechanical time constant of 74.1 ms, rotor inertia of 3.84 gcm². 

The thermal data of the motor are as follows: thermal resistance housing-ambient of 20.6 K/W, thermal resistance winding-housing of 8.69 K/W, thermal time constant (winding) of 2.67 s, thermal time constant (motor) of 34.2 s, ambient temperature of -40 to +100 degrees Celsius, maximum winding temperature of +125 degrees Celsius.

The following characteristics of the motor are as follows: the mechanical data followed by other uncategorizable specifications of the product. The values of the following mechanical data are bearing type of ball bearing, maximum speed of 15,000 RPM, axial play of 0 to 0.14 mm, maximum axial load (dynamic) of 1.8 N, maximum force for press fits (static) of 18 N, shaft support (static) of 200 N, maximum radial load (5 mm from flange) of 1.9 N. This last bit contains uncategorizable specifications of the motor: 4 pole pairs, 3 phases, 0 autoclave cycles, and a weight of 15 g.
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Figure 12 - Maxon Group BLDC Motor
[bookmark: _nmm57za5odde][bookmark: _Toc70341361]3.3.3 Part Selection of BLDC Electric Motor
Narrowing down the vast selection of electric motors to only brushless DC electric motors considerably reduced our options. When comparing the BLDC of Precision Microdrives with Maxon Group we took into consideration (by order of priority) maximum RPM, efficiency, and energy consumption. In terms of maximum RPM, at first glance the Maxon Group’s motor had a greater RPM, but that was at no load. If we planned to increase the load to maximum, the RPM would drop to around 9000 RPM 21% less than the Precision Microdrives’ motor. In reference to the objectives, we are trying to accomplish with the reaction wheels driving the momentum force, this was a huge deciding factor in choosing the Precision Microdrives’ motor. Efficiency and energy consumption was a tricky one, Maxon Group did not have the efficiency of its motor registered at max load. So, when we compared the efficiencies, we were seeing that the Maxon Group motor was more efficient. After making calls to the Maxon Group, they confirmed a decreased of around 10-12% efficiency when the motor was at max load. It is also our intention in this project to fully load the motor because we want to maximize the angular momentum produced by the reaction wheel. Once we could compare the efficiencies between the two motors at full load, we found that Precision Microdrives motor was the better choice.
[bookmark: _qv054yqzrh62][bookmark: _Toc70341362]3.4 Motor Drivers
Motor drivers have many features that make them easier/harder to integrate into an overall system. At the beginning we were mostly concerned at price and at the voltage range so it would match with the voltage being given to the Electric Motor or the PCB. We knew we wanted a motor driver specifically for a BLDC motor, reliability, and easy integration for coding speeds. The key benefit of a motor driver is the ability to create more compact applications with smoother motion and better protection. Many motor drivers have a smart gate drive. Smart gate drives integrate external components to control current and prevent unintentional FET turn-ons. This means that drive strength is controlled directly by the motor drive, this is especially important when we need to switch the FET drives quickly. With space being very limited in our TubeSat, saving space using a Motor Driver is definitely needed. 
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Figure 13 - Typical Motor Driver
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Figure 14 - Smart Gate Motor Driver
In addition, motor drives include a smart tuning system. Issues that generally arise with motors are vibrations and heat dissipations due to the type of decay modes that you employ. Slow decaying current usually leads to loss of current regulation resulting in noise, vibration, or overheating. Fast decay, which dissipates current from the motor very quickly, reduces the average current to torque ratio which would affect our calculations that we would be using in our code. Smart tuning continuously monitors the system and automatically adjusts the decay mode depending on the needs of the motor.
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Figure 15 - Slow Decay Tuning
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Figure 16 - Fast Decay Tuning
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Figure 17 - Smart Decay Tuning
[bookmark: _b27ke2lviqhx][bookmark: _Toc70341363]3.4.1 TI Three-Phase Brushless DC Motor Driver (Model: DRV10964)
Part Number DRV19064 from Texas Instruments is produced with useful aspects. The three-phase brushless Dc motor controller includes a TLC555 which is a timing circuit built with different logic gates and amplifiers to produce frequencies up to 2 MHZ. TLC555 generates (Pulse Width Modulation (PWM) which is relying on input from the potentiometer. A DRV motor driver requires a power supply of a minimum of 2.1 V to a maximum of 5 V.

The timing circuit is manufactured with a small timing capacitor because it can be supplied by high input impedance. A smaller timing capacitor helps in improving oscillation and time delays. TLC55 provides PWM signals which control the speed of the motor. The higher the width of the pules the faster spinning for the motor, thus the PWM signal can be optimized from 5% duty cycle to 95%. In this Motor driver, we can control the duty cycle by rotating the potentiometer in the circuit board. 

TLC555 is an integrated circuit that is built with different logic gates to utilize frequencies. The size of the chip is about 4.90 mm x 3.91 mm.  The timing circuit is controlled by a voltage terminal (CONT) which is compared with the input voltage level (TRIG) if the trigger voltage is lower than the CONT level the flip-flop is set with a binary value that is converted from DC to AC to output a high voltage which provides a larger duty cycle to the motor. 

The second condition for the timer is once the TRIG level is higher than the threshold input voltage it will hit the trigger for the flip-flop which will reset the duty cycle and produce a low output voltage. Once the flip-flop resets the counter will start counting again from zero till it hits the trigger and that is the time delay for the PWM signal for each duty cycle. 

The (integrated circuit (IC) of our model is built-in with a potentiometer. A potentiometer is a three-terminal impedance that converts the voltage divider while rotating the potentiometer. The potentiometer acts like an internal resistor which the impedance can be adjustable when the potentiometer is rotating towards less resistance to allow more current flow, higher clock signals, and a wider duty cycle which will allow the motor to spin faster with a higher rate of (Revolution Per Minute (RPM).

Any three-phase DC motor can be attached to DRV10946 by connecting the three wires from the DC motor to the interface connectors (J4) of the motor controller. J4 connector works with 3 phases each phase is shifted by an angle of 120 and connected to three different pins, each pin controllers a phase of a motor that controls the rotation of the three-phase motor in different directions. The three-terminal connectors contain 3 pins which are phase-W, phase-V, and phase-U.
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Figure 18 - TI Three-Phase Brushless DC Motor Driver
On the IC there are different pins with different aspects. The input voltage for the IC can be supplied by an external power supply (2.1 V to 5.5V) to the VCC pin. The motor controller can supply up to 25-kHz to adjust the duty cycle for the PWM.

The FR is the motor direction selector which can be controlled by setting a high input value from the Arduino IDE code to spin the motor clockwise or low value to make turn counterclockwise. Also, the FR pin controls the three phases; U, W, and V each phase is shifted by an angle of 120 to make a complete rotation of 360 degrees.

FG pin output motor speed indicator and the FGS pin is used to read the frequency of FG pin to calculate the RPM of the motor by the given equation RPM = (60 x FG-FREQ). The maximum speed output voltage is 7.5V 

[bookmark: _vpgs11oc7g53]The operating free-air temperature for the motor driver (Model: DRV10964) for the storage temperature is from -55°C to 150°C degree Celsius and the junction temperature has the same close range from -40°C to 150°C degree Celsius. Thus, the motor three-phase pins voltage can be operated from 0.7 V to 7 V, and FR, FGS, and PWM pin absolute maximum operating rating voltage are from 0.3 V to 0.6 V.
[bookmark: _tvdg89dr8tr7][bookmark: _Toc70341364]3.4.2 MikroE Brushless 4 Click Motor Driver (PID: MIKROE-3019)
MikroE manufactures the Brushless 4 Click BLDC motor driver which provides high efficiency and low acoustic noise. It features a 180° sinusoidal drive, which compared to 120° motor drivers, this one provides higher torque and efficiency. The Brushless 4 Click allows for a voltage range from 2 to 14 volts, therefore it can operate using a raw input from a varying DC voltage source, as long as it is within this voltage range. This motor driver also offers standard protection features such as: overvoltage protection, overtemperature protection, and overcurrent limiting. It also comes with a rotor lock-up protection and automatic restart function. 

The main driving component of the Brushless 4 Click is the MCP8063, a 3 phase sensorless motor driver manufactured by Microchip. On the IC we can find a few pins labeled FG, PWM, 3V3, and GND. The FG output pin provides the rotor position, the PWM input pin controls the motor rotation speed, the 3V3 pin is the input voltage that will come from an MCU, and finally, the GND is the ground pin. There are also three output screw terminals that correspond to each of the three phases of a brushless DC motor.
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Figure 19 - Brushless 4 Click Motor Driver Board
The speed of the motor can be controlled by using either one of two different methods. As previously stated, this motor controller provides a PWM input pin to control the speed of the motor in use and supports a PWM frequency range from 20 Hz to 100 kHz. Another option to control the speed is to vary the input voltage of the motor power supply, ranging from 2V to 14V, the higher the voltage, the faster the rotor will spin. 
[bookmark: _nhj5gzxyioqj][bookmark: _Toc70341365]3.4.3 Part Selection of Motor Driver
In our part selection of the motor driver, we did not take into account the code language needed to program the driver. When just looking at capability and price, we found that essentially both the MikroE and the TI Motor Drivers functioned similarly with what we needed for the project. Meanwhile, the MikroE product was significantly cheaper than the TI product. Unbeknownst to us, the MikroE product runs on libraries that are proprietary. For us to be able to program into the Motor Driver, we would have to buy a specific program to run the motor and then we would be able to start the testing. Just buying the program would cost us about five times the price of the TI motor driver. In retrospect, the TI motor driver was the correct option as it not only had everything we needed, but it was easily compatible with everything we were using, was a higher quality product, and was extremely reliable. In addition, the resources provided by TI are above and beyond what we were provided when troubleshooting the MikroE motor driver. This was one of our biggest lessons learned in our project, as we were not aware that companies would use proprietary software that we would then need to purchase to be able to program the motor driver.
[bookmark: _iz9f7rooqcld][bookmark: _Toc70341366]3.5 Inertial Measurement Units
An inertial measurement unit is an electronic device that measures and reports a body’s specific force, angular rate, and orientation. In the examples we will be looking at, they use a combination of accelerometers, gyroscopes, and geomagnetic sensors. An accelerometer is a tool that measures proper acceleration, which is an instantaneous measurement in its own resting frame. Accelerometers use the force that is emitted on the wall of a certain axis to estimate the acceleration on the object. This method is capable of a 3-axis measurement due to the force capable of being emitted on at 3 walls at a time. This data is then relayed back into the sensor and estimates the acceleration for each axis.
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Figure 20 - Accelerometer Design Concept
The gyroscope measures the rotation around one of the axes and relays that information back to the processing unit. With a three-axis gyroscope we can see how fast and in what direction(s) the object is rotating. A coordinated effort between the accelerometer and the gyroscope can tell us if the reaction wheels are working. This is done by having the accelerometer show the opposite direction from the gyroscope between all the axes. This would mean that the system would be slowing down. The proper alignment of their coordinate system is the most important part, as if these are not properly aligned, then one or more of the axes will always be off and stabilizing the unit would be virtually impossible with only using code. Purchasing an IMU instead of building an IMU would assure us that the alignment was properly done and that the weights, dimensions, and overall readings are also correct. Our main concern is being able to ADCS system and having a reliable IMU is absolutely necessary in order for us to complete our mission.
[bookmark: _mtgqlnz3nsco][bookmark: _Toc70341367]3.5.1 Bosch BMX160 Inertial Measurement Unit
The BMX160 from Bosch is a highly integrated, low power, 9-axis sensor that provides precise acceleration using a 16-bit digital triaxial accelerometer, angular rate using a 16-bit digital triaxial gyroscope and geomagnetic measurement using a geomagnetic sensor in each spatial direction. 

The IMUs key features include: high performing accelerometer, gyroscope, geomagnetic sensor, very low power consumption of 1.585 A (typical in high performance mode, small PCB footprint of about 2.5 x 3.0 mm², height of 0.95 mm, built-in power management unit, power supply range from 1.71V to 3.6V, allocatable FIFO buffer of 1024 bytes, hardware sensor time stamps for accurate sensor data fusion, integrated interrupts for enhanced autonomous motion detection, flexible digital primary interface to connect to host over I²C or SPI, and extended I²C mode with clock frequencies that range up to 1 MHz.

The parameters and values for the embedded accelerometer are: acceleration range of either +/- 2, +/-4, +/-8, +/-16 gravity (each of which are selectable via a serial digital interface), startup time of 3 ms, typical sensitivities of 16384, 8192, 4096, 2048 LSB/gravity which are all respective to the acceleration ranges. The parameters and values for the embedded gyroscope are: range of either 125, 250, 500, 1000, 2000 degrees/s (each of which are selectable via a serial digital interface), startup time of either 55 ms for suspend to normal mode and 10 ms for fast startup to normal mode, typical sensitivities of 16.4, 32.8, 65.6, 131.2 LSB/degrees/s which are all respective to the gyroscope ranges. Finally, the parameters and values for the embedded magnetometer are: range of +/- 2500 uT, startup time of either 1 ms for off to suspend mode and 3 ms for suspend to sleep mode, and max magnetic field reading in any direction is 7 T. 

The BMX160 has a specific method of sensing axes orientation. If the IMU is accelerated and/or rotated triaxially, each of the corresponding channels of the device will send a positive acceleration and/or yaw rate referred to as dynamic acceleration. If the IMU is at rest without any rotation and the only force acting on the device is gravity, the IMU will send a positive acceleration (equal to gravity) on the corresponding channel and the gyroscope channel will read zero and this is referred to as static acceleration. 
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Figure 21 - BMX160 IMU
[bookmark: _n0o7m4i3sfyy][bookmark: _Toc70341368]3.5.2 STMicroelectronics LSM6DSO iNEMO Inertial Measurement Unit
The LSM9DS0 from STMicroelectronics is a 9-DoF system-in-package featuring a 3D digital linear acceleration sensor, a 3D digital angular rate sensor, and a 3D digital magnetic sensor.
 
The IMUs key features include: 3 acceleration channels, 3 angular rate channels, 3 magnetic field channels, +/- 2, +/- 4, +/- 6, +/- 8, +/- 16 g linear acceleration full scale, +/- 2, +/- 4, +/- 8, +/- 12 gauss magnetic full scale, +/- 245, +/- 500, +/- 2000 dps angular rate full scale, 16-bit data output, SPI / I2C serial interfaces, analog supply voltage from 2.4 V to 3.6 V, power-down mode / low-power mode, programmable interrupt generators, embedded self-test, embedded temperature sensor, operating temperature range of -40 degrees Celsius to +85 degrees Celsius, embedded FIFO, position and motion detection functions, click/double-click recognition, ECOPACK, RoHS and “Green” compliant.    

The linear acceleration sensor sensitivity of the accelerometer describes the gain of the sensor and this sensitivity can be found by applying a gravitational acceleration of 1 to the IMU. This measurement can be made easily by pointing the axis of interest in the direction of Earth's core. The magnetic sensor sensitivity of the magnetometer describes the gain of the sensor and can be found by applying a magnetic field of 1 gauss to it. Lastly, the angular rate sensitivity of the gyroscope describes the gain of the sensor and can be found by introducing an angular velocity onto it. Temperature has little effect on the values. This device produces positive digital output for counterclockwise rotations and negative for clockwise rotations around the axis of consideration.

[image: ]
Figure 22 - Axes of Reference
[bookmark: _tiqxxfz7nd2v][bookmark: _Toc70341369]3.5.3 Part Selection Inertial Measurement Device
Selecting the inertial measurement device was simple, because it came with the kit from Interorbital Systems. In our part selection research, we concluded that it was actually one of the top performing IMUs for the size that we required. When compared to the STMicroelectronics’ IMU, the built-in power management unit is more efficient with a lower supply range voltage. This is especially important since this unit will have to be constantly running in order for the reaction wheels to counteract the movement recorded by the IMU. In theory, the IMU and the reaction wheel setup would be the highest power-drawing equipment on the satellite. The rest of the features are roughly the same between both of the IMU devices, so due to a lower power-draw on the Bosch BMX160 we would have selected the one included in the Interorbital Systems’ kit.
[bookmark: _qmozoe4rhym6][bookmark: _Toc70341370]3.6 Transceivers and Amplifiers
Transceivers are a combination of a transmitter and a receiver where you can use to communicate between devices. In this project we will be using a transceiver in order to operate a radio for communicating the results after launch to an earth system. Specifically, in a radio transceiver, the receiver is silenced while transmitting and an electronic switch allows that transmitter and receiver to be connected to the same antenna. This prevents the transmitter output from damaging the receiver. Due to the distance, we will be needing for communication, the sensitivity of the receivers must be very high, while having the ability to operate on a low-power mode so it will not drain our power supply until we are ready to start transmitting data collected by the IMU back to the earth station. An amplifier is necessary in wireless communication when using radio frequency (RF) as carrier frequency for data transmission and reception. This happens two-fold. In the transmitter, the power amplifier is used to boost the signal power levels and at the receiver, the low noise amplifier dictates the quality of RF communication received. That is why a combination transceiver/amplifier is critical to evaluate together, as both parts need to be coordinated to send and receive quality data. As a reference, NASA has set a standard communication spectrum between earth and spacecraft between 30MHz to 40GHz. It is important to mention that while RF is still the state-of-the-art form of communication for small satellites, advances have been made towards using higher carrier frequencies up to X- through Ka-bands. These higher rates can carry more information but would be over-engineered for the information we are trying to collect in our project.
[bookmark: _Toc70341371]3.6.1 Silicon Labs Si4464 Transceiver
The Si4464 high-performance, low-current transceiver from Silicon Labs covers a wide range of frequencies in the sub gigahertz (GHz) frequency bands from 119 to 1050 MHz. This radio resides within the EZRadioPro family which includes a complete line of transmitters, receivers, and transceivers.

The performance characteristics for the transceiver are: receiver sensitivity of -126 dBm, modulation scheme options of gaussian frequency shift keying (GFSK), frequency shift keying (FSK), four level GFSK (4GFSK), four level FSK (4FSK), on-off keying (OOK), and minimum shift keying (MSK), max output power of +20 dBm, low active power consumption of 10 to 13 mA for RX, 18 mA for TX, ultra-low current power down modes of 30 nA for shutdown mode and 50 nA for standby, data rates from 100 bps to 1 Mbps, fast wake and hop times, power supply range from 1.8 V to 3.6 V, excellent selectivity performance of 60 dB adjacent channel and 75 dB blocking at 1MHz, antenna diversity and T/R switch control, highly configurable packet handler, RX and TX 64 byte FIFOs, auto frequency control, automatic gain control, low BOM, low battery detector, 20 pin QFN package, and IEEE 802.15.4g compliant.

The Si4464 offers frequency coverage in bands not covered by its predecessors Si4463/61/60. Typically, these are non-standard frequencies or licensed frequency bands. The Si4464 includes optimal phase noise, blocking, and selectivity performance for narrow band and licensed band applications, such as FCC Part90 and 169 MHz wireless Mbus. The 60 dB adjacent channel selectivity with 12.5 kHz channel spacing ensures robust receive operation in harsh RF conditions, which is particularly important for narrow band operation. The Si4464 offers exceptional output power of up to +20 dBm with outstanding TX efficiency. The high output power and sensitivity results in an industry-leading link budget of 146 dB allowing extended ranges and highly robust communication links. The Si4464 can achieve up to +27 dBm output power with built-in ramping control of a low-cost external FET. The radio can meet worldwide regulatory standards: FCC, ETSI, and ARIB.
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Figure 23 - Silicon Labs Si4464 Transceiver
[bookmark: _nu5t17j554o5][bookmark: _Toc70341372]3.6.2 Nordic Semiconductor nRF24L01 Transceiver
The nRF24L01 from Nordic Semiconductor is a single chip 2.4GHz transceiver with an embedded baseband protocol engine, designed for ultra-low power wireless applications. The nRF24L01 is designed for operation in the worldwide ISM frequency band at 2.400 - 2.4835GHz. The transceiver is configured and operated through a Serial Peripheral Interface (SPI.) Through this interface the register map is available. The register map contains all configuration registers in the nRF24L01 and is accessible in all operation modes of the chip. The radio front end uses GFSK modulation. It has user configurable parameters like frequency channel, output power and air data rate.

The transceiver’s key features include: worldwide 2.4 GHz ISM band operation, up to 2 Mbps on air data rate, ultra-low power operation, 11.3 mA TX at 0 dBm output power, 12.3 mA RX at 2 Mbps air data rate, 900 nA in power down, 22 uA in standby, on chip voltage regulator, 1.9 V to 3.6 V supply range, automatic packet handling, auto packet transaction handling, low cost BOM, +/- 60 ppm 16 MHz crystal, 5V tolerant inputs, and a compact 20 pin 4X4 mm QFN package.
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Figure 24 - Nordic Semiconductor nRF24L01 Transceiver
[bookmark: _kz35wof3l4fc][bookmark: _Toc70341373]3.6.3 Qorvo RFFM6406 Amplifier
The RFFM6406 from Qorvo is a single-chip front end module (FEM) for applications in the 400MHz ISM Band. The RFFM6406 addresses the need for aggressive size reduction for typical portable equipment RF front-end design and greatly reduces the number of components outside of the core chipset, thus minimizing the footprint and assembly cost of the overall solution. The RFFM6406 contains an integrated 1 1/2 Watt PA, SP2T antenna switch, integrated Tx harmonic filter, LNA with bypass mode, and matching components. The RFFM6406 is packaged in a 28-pin, 6.0mm x 6.0mm x 0.975mm over-molded laminate package with backside ground which greatly minimizes next level board space and allows for simplified integration.
[image: ]
Figure 25 - Qorvo RFFM6406 Amplifier
The parameters and values for the amplifier are: integrated 50 Ohm input/output matching, TX output power of 32 dBm, separate TX/RX 50 Ohm transceiver interface, integrated PA plus filtering and PA bypass mode and LNA with bypass mode, frequency range from 408 MHz to 455 MHz, RF port impedance of 50 Ohms, operating voltage from 2.5 V to 4.2 V, minimum transmit gain of 22 dB (2.7 V supply) or 25 dB (3.9 V), typical receive gain of 15 dB and typical receiver noise figure of 1.9 dB.
[bookmark: _Toc70341374]3.6.5 Part Selection of Transceivers and Amplifiers
The transceivers and amplifiers were included in the kit from Interorbital Systems, but there were considerations that we would have wanted to evaluate on other systems. In general, the radio block of the TubeSat is set to work in the 433MHz band, which is in the range that was suggested by NASA. We could have made the system more efficient by using the TSP amplifier, due to the higher efficiency at the steady state that it would be running when turned on. We would be sacrificing a lower operating band, but we are not going to be sending MBs of data, we are going to be sending mostly numbers on intervals, which would amount to a couple KBs of data maximum in order to tell us that our experiment is successful in space. We believe that the tradeoff between operating band and energy efficiency would be worth it, as it reduces the need of possibly having to rely on the solar panels to recharge the batteries that have that increased burden.
[bookmark: _Toc70341375]3.7 Step-Up Voltage Regulator
[bookmark: _Toc70341376]3.7.1 Pololu 5V Step-Up Voltage Regulator (U3V12F5) 
Pololu is a step-up voltage regulator that can produce up to 5 Volts from an input voltage that is as low as 2.5 volts. The input current for this deceive can be as high as 1.4 A. The switching regulators that are built-in have an efficiency range between 80% to 90%. The size of Pololu (u3v12f5) is about (0.515 x 0.32).

The main three pins are (VIN) voltage input, (VOUT) voltage output, and (GND) ground. The input voltage must be at least 2.5 V from any power supply or microcontroller to produce a maximum of 12 V, when the input voltage exceeds 5 V which is the output voltage the deceive will run to a shutdown process that will turn off the power of the load and the linear down regulator will take place.  Those pins are labeled on the back of the PCB, and they are placed next to each other with a space of 0.1” between each pin. The device can produce an output voltage. There are some features of the Pololu 5 V step-up shown here in the schematic figure below.

[image: ]
Figure 26 - Schematic of U3V12F5
EN pin is the enable pin that receives a voltage from the input voltage, which is the VIN pin, once the voltage regulator is connected to a power supply the enable pin will be high which makes the device set to an operation mode. When the EN is low the device will be set to a Shutdown mode. PS pin is a power saver which selects different operation modes, once the PS receives a low signal the power saver will be enabled to improve the efficiency at the load. The power saver mode can be controlled and disabled from the program by setting the PS pin to a high value. The UVLO pin is the under-voltage lockout comparator which prevents the main output from being supplied if the voltage at the same pin drops below 0.25 V. 

The device operates at different efficiency when the power save mode is disabled. When using 5 V for the output voltage the efficiency range for the steady state is within the range of 80% to 90%. The higher the input voltage the better the efficiency is the same as the current, the higher the current the greater efficiency percentage. The highest efficiency range of the deceive will be approximately between 100 mA to 300 mA for the output currency using a minimum of 2.5 V for the input voltage. 
[bookmark: _Toc70341377]3.7.2 Boost Converter with 0.5-V Ultra-low Input Voltage (TPS61023)
TSP61023 is a boost converter device that can be supplied by a low input voltage of 0.5V and produce up to 5.5 V output voltage. The device has a 94% efficiency and a maximum frequency of 1 MHz. TPS61023 backup power application using capacitors that can be discharged or charged. The body size of the chip is about 1.20 mm x 1.60 mm.

The TPS61023 synchronous step-up converter is built to work from an input voltage supply range of 0.5 V to 5.5 V, with a valley transfer current maximum of 3.7 A (typical). At low to strong load currents, the TPS61023 usually works at a semi frequency pulse width modulation (PWM). As the input voltage falls from 1.5 V to 1 V, the switching frequency progressively drops to 0.5 MHz and persists at 0.5 MHz when the input voltage falls below 1 V. If the input voltage exceeds 1.5 V, the frequency range is 1 MHz.

The device converter works in power-saving operation with pulse frequency modulation under light load conditions (PFM). Inner loop adjustment simplifies the design phase without reducing the number of external elements. The converter employs an adaptive constant on-time zone current mode monitoring solution to improve excellent line and load regulation, while still allowing the usage of a small inductor and capacitors during the PWM service.

The main driving pins are enabled logic (EN) and switch converter (SW). Enable logic pin is modified by input voltage, if the input voltage is high the device will be enabled and if the voltage is low, it disables the device, and the shutdown mode gets activated. The switch pin is connected to MOSFET through the low internal power side which is the drain, and the source is connected to the high-power terminal of the MOSFET.
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Figure 27 - TPS61023 Boost Converter Schematic
The absolute voltage range of the pins VIN, FB, EN, SW, and VOUT are from 0.3 V to 7 V and the storage temperature is from -65 degrees Celsius to 150 degrees Celsius. The shutdown operation occurs when the temperature of the junction goes above 150 degrees Celsius, and the device will start operating again once the temperature is below 130 degrees Celsius.

TSP61023 operates at different frequencies PWM to average heavy load currents. The chip utilizes a frequency of 1 MHz if the input voltage is above 1.5V and it decreases the frequency down to 0.5 MHz if the input is reduced down to less than 1.5V.

The Load efficiency can be changed via different input voltages. The lower the input voltage the higher the efficiency, the range of 95% to 91% efficiency at steady state will be when the input voltage is between 1.8 V to 3.0 V. For the output voltage the efficiency will be around 88% at the steady state when the output voltage is at its maximum value which is 5 V.

The operation of the current is detected by a voltage drop across the rectifier. The output voltage will only reduce when the current limit is reached when the current limit is above the cycle time the inductor current will activate the off time which will decrease the current before the second cycle takes place.
[bookmark: _Toc70341378]3.7.3 A Valley Current Synchronous Boost Converters (TPS6123)
TSP6123 is a voltage regulator device with a high current and high-efficiency boost converter with a constant output current. The efficiency can reach up to 97% and the voltage can be boosted from a minimum voltage of 2.3 V up to a maximum of 5 V. The device supports a constant output that can reach up to 3.5 A which is programmed to control the power delivery. TSP6123 has a simple design that can fit any printed circuit board (PCB) because this deceive does not have a lot of external power path components which saves a lot of space for the PCB design. The body size of the boost converter is (2.50 mm x 2.50 mm).
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Figure 28 - Valley Current TSP6123 Schematic
The TPS6123x has two control loops: one for output voltage regulation (as in other boost converters) and another for output current regulation. The absolute maximum current may be configured using an external resistor, and the current loop steps in to control the output current until it exceeds the programmed value. The load status may also be shown by the TPS6123x. These features can reduce system thermal dissipation and effectively increase overall power conversion by simplifying system architecture, dropping external power path components such as load transfer, and achieving even lower overall system dissipation.

The efficiency for this voltage regulator depends on the input voltage from the power supply. The higher the voltage the better efficiency for the device. If the input voltage is 3.6 V the steady state of the voltage regulator can reach up to 95% for the efficiency while producing output current of a maximum 1.5 A before the steady state starts to decrease. If the input voltage is 2.7 V the highest efficiency will be 90%. 
[bookmark: _Toc70341379]3.7.4 Part Selection of Voltage Regulators
When choosing the voltage regulator that will be used in the ADCS, special attention needs to be placed on a few variables. These variables are nominal voltage efficiency, footprint, and BOM costs. I would also like to note that it is important to see whether the parts in the BOM are available for purchase. The simplest way to do so is by navigating to www.findchips.com. On this site, one can enter the desired part number then will be given a variety of vendors that carry the part.

During the beginning phases of the PCB design, the team decided to go with the TPS61023 voltage regulator. Compared to the other voltage regulators, this IC performs best in all categories with a nominal voltage efficiency of 92.5%, BOM cost of $1.06, and a footprint of 49 mm². After designing the PCB with the TPS61023, it was discovered that there were no TPS61023 ICs available on the market. The other voltage regulator under research is the TPS6123. After conducting a search on the availability of TPS6123 voltage regulators, it was apparent that there were plenty available from numerous vendors. It was then decided to move forward in the design with the TPS61232 voltage regulator. The TPS61232 has a nominal voltage efficiency of 92.4%, BOM cost of $1.70, and footprint of 96 mm². The TPS61232 falls behind the TPS61023 in terms of BOM costs and footprint. This is determined to be okay since these two factors make a small impact on the design process. It is also worthy to note that the U3V12F5 was not considered during this process as no schematic was available from Pololu on the public domain.

	Property
	TPS61023
	TPS61232

	Nominal Efficiency
	92.5%
	92.4%

	BOM Costs
	$1.06
	$1.70

	Footprint
	49 mm²
	96 mm²



[bookmark: _Toc70341380]3.8 Existing Technologies and Concepts
In this section, we will describe several technologies and concepts that are found on modern nanosatellites. The physical concepts will be briefly introduced to provide a deeper understanding on the driving forces behind the ADCS systems, while the technologies covered are already found in existing commercial nanosatellites. 
[bookmark: _Toc70341381]3.8.1 Communication Protocols
Protocols for communication may cover authorization, error detection and correction of signals. In addition, they may explain the language, semantics, and synchronization of analog and digital communications. Protocols for communication are structured representations of interactive messaging formats and guidelines. They could share messages inside or across computer systems. Communication protocols are essential in telecommunications networks and other systems because they ensure message accuracy and universality. Protocols for communication are incorporated in both hardware and applications. There are thousands of correspondence standards in use in traditional and wireless networks. Without them, computer networks will not survive.

A communication protocol is a set of rules that requires two or more people in a communications system to send information using some physical quantity variation. The protocol specifies the correspondence principles, semantics, and synchronization, as well as potential error recovery methods. Protocols may be applied using either hardware or software, or a hybrid of the two. A programming language describes the same thing for simulations, but there is a near analogy between protocols and programming languages: protocols are what programming languages are for computations. For the transmission of different messages, communication networks utilize well-defined formats. Each message has a specific purpose intended to evoke an answer from a set of pre-determined responses for that specific circumstance. Typically, the described action is regardless of how it is to be executed. The parties concerned must settle on communication protocols. A protocol can be built into a technical norm in order to achieve an agreement. Another way to look at it is that protocols are to contact as algorithms are to computing. Several protocols are often used to denote various facets of a single message. A protocol suite is a set of protocols intended to operate together; once applied in software, it is referred to as an application layer.

[bookmark: _Toc70341382]3.8.1.1 Universal Asynchronous Transmitter/Receiver (UART)

UART is a system that transforms parallel data to serial data. The protocol interface between two devices for transmitting and receiving data in the form of bytes. After processing, the serial data is transmitted to another UART device at the receiver terminal, which reads the serial data and transforms it back to parallel data. This communication protocol can be generated in either half-duplex or full-duplex mode.

Transmission in half-duplex mode data can be sent and received in a single direction using a single wire linked by the two devices through the Tx pin, which is the transmitter pin, and the Rx pin, which is the receiver pin. Full-duplex transmitting involves transmitting and receiving data over two cables at the same time. Both methods use their own clock signal to regulate the communication rate response.

The UART has a numeric value that represents the beginning and end of communication and it is used to determine the amount of the "number of bits." This aids the two units make sure that the data begins moving between the devices at the time which it is available, and then another unit halts to prevent the movement of bits until the next time the available unit arrives so as to avoid overflow. The UART begins and ends the communication using the least significant bit (LSB) and the most significant bit (MSB), which are employed to start and finish the exchange of information between the two devices. This is the overall frequency that describes the bit transmitting rate, which is expressed in bauds per second. The standard baud rate is 9600, which enables the bit to be transmitted at a rate of 1/9600 of a second.
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Figure 29 - UART Communication Signal
The data will begin to be transmitted from the start bit as the voltage decreases from high to low; the system will sense this voltage drop and will activate the data transmission channel. The parity bit is used to search for errors in data transmission. The parity bit is not optional and can be used to verify if the 1-bit in the string is odd or even. The last bit is the stop bit, which causes the system to terminate the transmission when voltage is detected to be high.

UART communication has several benefits. To begin with, using the parity bits makes it simple to identify errors. Second, the synchronization signal is also not needed for the two devices to communicate. Full-duplex connectivity can be accomplished with just two wires, allowing the microcontroller to use fewer PINs. The downside of UART is that the data bits are limited to a maximum of 9 bits, restricting the size of the data frame. It also does not have a large number of masters or slaves, even when we use concurrent communication, the data transmission speed is slow. 

[bookmark: _Toc70341383]3.8.1.2 Serial Peripheral Interface (SPI) 

Serial Peripheral Interface (SPI) is another way of communication protocol that allows the master device which is the controller to communicate with different peripherals which are slaves. This communication protocol, it works by using only one master deceive to communicate with multiple peripherals. This protocol produces communication by generating a clock signal from the master to different peripherals.  SPI is a full-duplex protocol that uses two wires for data transfer between the master device to the slaves. An example of SPI is the communication between microcontrollers with a liquid crystal display.

SPI is a synchronous data bus, which means that for communication it uses different lines for data transmission and the clock that is produced from the masters helps in keeping both sides in an even sync. The clock which is generated from the master is an oscillating signal that helps the receiver to trigger the bits and when to sample the bits on the data line that is used from the transmitter channel TX to the receiver channel RX. The way that the clock can be generated is by using the rising edge from is from low to high or the falling edge which is from high to low. When the receiver detects the edge that's when it will trigger, and it will start reading the data line to read the next bit which was sent from the transmitter. 

[image: ]
Figure 30 - Serial Peripheral Interface (SPI) Communication
This communication protocol works with four different wires, the first wire is used for SCLK as shown in the Figure… SCLK is a serial clock that makes sure that the clock signal is transferred from one master device or the controller to other devices on the same serial bus. The second wire is MOSI which is (Master output, Slave input), the use of MOSI is to transfer the data from the output of the controller device to the input of the slaves’ devices. When the data is transferred from the MOSI, the MISO gets triggered which is master input to salve output. MISO has a wire that transfers data from the output of the slave device back to the controller device. The slaves are controlled by CS, which is the control slave, CS helps to manage the communication between the slaves and the master when there is a lot of data that needs to be transmitted at the same time.  
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Figure 31 - SPI Modes / Clock
The four modes of operation for the SPI are managed by clock polarity or the clock signal and the clock phase which the edge where the latch gets triggered to start the communication between the devices. When the clock phase is zero that is when the latch is trailing at the edge and the clock phase is 1 that is when the latch is leading at the edge. Communication is leading at the edge is when the latch is trailing at the edge and when the latch is leading at the edge that is when the communication is trailing at the edge. Zero clock polarity is idle at low and 1 clock polarity is idle at high. 

There are a lot of advantages and disadvantages to SPI communication. Some of the advantages are SPI has the power of multiple communication between the master and multiple slaves. The SPI is almost twice faster than I2C because SPI does not have high limits on the speed that is used in this communication protocol to transmit the data from the master to the slaves. Another advantage for SPI is that data would not face any interruptions because there is no start and stop bits for this communication protocol and the MISO is separated from MOSI with different lines so the data can be transmitted at the same rate of speed and at the same time. 

One of the downsides of SPI communication is that there is no parity bit like the UART communication to check for the error bit, also SPI uses four wires, and the other two different communication protocols use two wires only. The biggest issue with SPI is that it uses only one master which is the controller to communicate with multiple devices. 

[bookmark: _Toc70341384]3.8.1.3 Inter-Integrated Circuit (I2C)

Inter-Integrated Circuit (I2C) is a serial communication protocol that allows communication between multiple controllers to other devices. In I2C one master can control all the other slaves that are connected to the controller and the way of communication is that the data can get transferred by using binary digits. Each salve will have a different address, the communication is tracked by 7-bits to make sure that the data was sent to the right salve or to the right address.

I2C is half-duplex which utilizes serial data wires to transfer data by transmitting bits from the master to the slave, and the data transmission begins and ends by the start and stop bit, similar to the UART contact protocol. I2C utilizes two wires for serial data transmission and the serial clock; the clock generates high and low voltages, and the bits will be either 1 or 0, showing a high signal or a low signal. There are 128 slave addresses in I2C since we are using 7 bits, which is 2 to the power of 7 is equivalent to 128. The address from which the first frame in the new message the communication arrives after the start bit is the first frame in the new data for the communication. Following the transmission of data, each slave will interact with the controller to validate the address sent from the master to the slave. If the address is correct, a low voltage signal is sent back to the master; if the address is incorrect or does not correspond, no signal is sent back to the master.
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Figure 32 - I2C Message Setup
There are start conditions for the I2C communication, first start condition is that the voltage switches from high voltage to low voltage in the SDA line before the SCL line switches from high voltage down to low voltage. For the stop condition, the SDA switches the voltage from low voltage to high voltage signal after the SCL sends back an opposite signal which is switching the voltage from low voltage to high voltage and that is how the message starts and ends. The address frame is usually 7 or 10 bits which the master chooses which slave to communicate with by choosing a different address for each slave. When the master chooses the slave that it wants to communicate with, the next step will be to look up for Read/Write bit which informs the slave whether the master is sending data, or the master is requesting to receive data from the master. For example, if the Read/Write bit is 0 which is a low voltage that means that the master is sending data to the slave and if the Read/Write bit is 1 which means a high voltage signal that means that the master is requesting data from the slave. 

Each address frame, which is the 7 bits used to decide the address of each slave, is often accompanied by an ACK/NACK bit. If the slave correctly received and matched the 7 bits, it will send the ACK bit back to the master. After the master senses the ACK bit from the slave, the first data frame would be ready to send. In that case, the data frame would be 8 bits long, comprising the 7 bits for the address frame plus the 1 bit for the ACK. Before the next data frame is able to be transmitted, depending on which device is transmitting data, the master or slave will search for an ACK to see whether one has been sent before sending the next data. Once the data has been received, the master or controller will transform from sending a low-level voltage to sending a higher-level voltage, which is the stop condition, and the clock signal will be high to end the message.

There are some steps of data transmission for I2C communication protocol. Firstly, the controller will switch from low voltage to data voltage which will be the start condition to start sending the message to the slave before switching the clock signal from high to low. Secondly, the controller will start sending the 7 bits to locate the address of the slave that it will be communicating with, also those 7 bits will be followed by the read/write bit to make sure that the address for each slave was registered right. After each address is declared by the master, the slave will start communicating back to the controller to compare each address and to make sure its own address. When all the addresses are reviewed, the slave will switch the SD voltage from high to low and will return the ACK bit as high which is one.  If the SDA was high and the slave did not return any data back to the master, that will be the proof for sending a wrong address by the master. Finally, when the message is successfully delivered the master will switch the SDA line voltage from low voltage to high voltage after phase shifting the clock signal to end the data transmission. 

There are some advantages and downsides to the I2C communication protocol.  I2C uses only two wires for the communication between devices and it also supports multiple controllers and multiple slaves. I2C hardware is less convoluted than SPI and UART. Also, I2C has a powerful function which is the ACK bit which makes sure to compare each slave address that was sent from the master before starting the communication between the devices. The downside of I2C is that the speed of transferring data is slower than SPI and UART. Also, there are some limitations to using the slaves because each slave is limited by 8 bits. 
[bookmark: _Toc70341385]3.8.2 Concept of Angular Momentum
In physics, angular momentum is the rotational version of the concept of linear momentum. The angular momentum of an object is the product of its moment of inertia and its angular velocity. This concept serves as the base for the conservation of angular momentum. If there is an isolated system with no external forces acting upon it, and a momentum is applied to one part of the system, then the other part of the system must be given exactly the same momentum in the opposite direction. Due to this law, the total angular momentum in a closed system must remain constant. The law of conservation of angular momentum explains many things observed in the real world, such as an increase in the rotational speed of a figure skater as their arms are pulled closer towards themselves. 
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Figure 33 - Concept of Angular Momentum
[bookmark: _Toc70341386]3.8.3 Attitude Determination and Control Subsystems
Attitude determination and control subsystems can be found in virtually any satellite. It plays a crucial role in stabilizing a satellite in orbit, ensuring it points in the right direction at all times. The ADCS is a satellite that is normally made up of the following components and principles.

Sensors are instruments used to measure physical quantities during the flight of the satellite in space. These could be accelerometers, radiation sensors, magnetometers, etc. The measurements taken from various sensors can be used to determine the orientation of the satellite since there are no direct sensors to measure attitude.

Next, depending on the sensor-measured values, actuators are used to bring the satellite to the desired orientation. These are typically components that exert a force on the satellite body to change its trajectory or orientation, such as reaction wheels, or boosters.  

Another component that ADCS uses is the concept of control systems. In engineering, control systems take in a reference input, return an output, and decide a corrective action to control and improve performance on a plant. The plant in this case would be the satellite. Control is achieved by compensators or proportional-integral-derivative (PID) controllers. A PID controller is a type of feedback loop mechanism where a system output is compared to a desired system input, a percent error is calculated, and a correction is applied based on proportional (gain), integral or derivative terms. The integral term focuses on improving the steady-state error, ultimately and ideally bringing it to zero, while the derivative term focuses on the system’s transient response; how fast the system can be brought to steady-state. 
[bookmark: _Toc70341387]3.8.4 Pulse Width Modulation
Pulse width modulation, in simplest terms, describes a type of digital signal that is used to drive analog devices. PWM allows for the modification of how long a digital voltage signal stays high as a percentage of a period in the signal frequency. Since a digital signal can only be high or low at any given time, we can use PWM to change the proportion of time the signal stays high compared to when it is low. A common use of this signal is to control varying brightness in LEDs and speed control in motors. 

A duty cycle is specified when using a PWM signal. It is measured in percentage and refers to the amount of time that a digital high is observed as a fraction of a period of time interval in the PWM frequency. A 50% duty cycle would imply that the voltage signal stays on for half of the duration of a period, and a 100% duty cycle would mean that the signal is on for a full period, therefore always on. 

[image: ]
Figure 34 - Pulse Width Modulated Signal
In the application of electronics, PWM is used by MCUs to mimic an analog signal by applying voltages in pulses to analog devices. Therefore, a device that is driven by a PWM signal ends up behaving like the average of the pulses.
[bookmark: _Toc70341388]3.9 Part Selection Analysis
In part selection we wanted to go over in detail the technical requirements and features that the parts had. In this way we could make an informed decision on which part is of higher quality or most suitable for the project. We also wanted to mention that in the event that a part was out-of-stock, then we would go with the second-most suitable option. 
[bookmark: _Toc70341389]3.9.1 Motor Driver Selection 
[bookmark: _Toc70341390]3.9.1.1 DRV-1094

It is a sensor-less three-phase motor driver with integrated MOSFETs. This motor driver's design requirements are high productivity, low noise, and a small number of external components. The DRV10964 is housed in a USON 10-pin bundle. At the FG pin, the device also gets the motor torque. It has many internal protection circuits, including undervoltage, overcurrent, overvoltage, and overtemperature protection, as well as specific functions like Lock Detection. It has a TLC555 timer for generating PWM signals and a potentiometer for adjusting the motor speed. To operate, the DRV 10964 needs an external power supply (2.1V to 5.5V). 
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Figure 35 - DRV-1094 Motor Driver
Features’ Descriptions 

· Sleep Mode and Speed Input 
The DRV10964 motor driver enters sleep mode when the PWM signal is less than 0.38 percent. It brings the motor to a stop mode. The device logic is also operational, generating 6.5mA of current. The DRV10964 emits three-phase PWM outputs at 25 kHz with a sinusoidal waveform average value from phase to phase. Controlling the magnitude of the phase voltages applied to the motor with the PWM command indirectly controls the motor speed. The equation below is used to derive the amplitude of the output voltage.
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· Motor Direction Control and Motor Frequency Feedback
The DRV10964 is a motor that has been modified. The motor direction will rotate from phase U to V and end at phase W if the FR is set to zero. The motor can rotate from phase U to phase W and end at phase V when the FR pin is set to 1. The FG pin serves as a speed indicator for the motor. Short circuit protection is built into the FG pin, reducing the current if the pin is shorted to VCC. The formula to determine the speed of the motor is if the FGS pin is set to zero, the RPM can be calculated by multiplying the frequency by 60 and dividing it by the number of pole pairs. If the FGS pin is set to 1, then the RPM can be calculated by multiplying the frequency by 180 and dividing the value by the number of pole pairs.
[image: ]
Figure 36 -
· Anti-Voltage Surge (AVS) Protection and Lock Detection
If the motor is locked, the DRV10964 utilizes an Ant-Voltage Surge feature to prevent the current flowing in the motor from being returned to the power supply (VCC). However, under some circumstances, the energy stored in the motor in the form of inductive energy or angular momentum (mechanical energy) may be returned to the power supply. This occurs where the output voltage is abruptly cut off or if the voltage applied to the motor falls below the BEMF voltage produced by the motor. The energy that is returned to the supply has the ability to increase the voltage. When the motor gets locked due to an external circumstance, the DRV10964 finds the lock and acts to safeguard both the motor and the device. The lock condition must be precisely characterized, regardless of whether it happens as a result of a gradually rising load or a sudden shock. When a lock is detected, the motor is turned off.

· Short Circuit Current Protection and Protection against Mechanical Energy
If the current exceeds the short circuit current limit, this feature disables the motor drive. After the short circuit current condition is removed, the motor is restarted. When the motor's speed is suddenly decreased, mechanical energy is returned to the power supply, and if the applied voltage falls below the BMEF voltage, the motor acts as a generator, and current flows from the motor back to the VCC, potentially damaging the circuitry. To avoid this issue, the DRV10964 buffers the speed command value and slows the rate at which it can change.

· Overtemperature Protection and Undervoltage Protection 
When the temperature of the motor driver reaches 160°C, a thermal shutdown function will terminate the operation and allow the device to cool to 150°C before resetting. The DRV10964 has an under-voltage lockout feature that prevents motor operation if the supply voltage (VCC) falls below a predetermined threshold. When switched on, the DRV10964 must run if VCC is higher than 2V. The DRV10964 will keep on working until the VCC falls below 2V. Some design requirements are:


	Rm(Ω)
	Lm(μH)
	Kt(mV/Hz)
	Ffg_Max(Hz)

	2.5 - 10
	50 - 1000
	1- 100
	1300


Rm - Motor phase resistance varies from phase to phase
Lm - Motor phase-to-phase inductance between phases
Kt - BEMF of the motor is constant from process to center tape
𝑓fg_MAX - Maximum electrical frequency

[bookmark: _Toc70341391]3.9.1.2 MIKROE-3019

Brushless 4 click is a three-phase sensorless BLDC motor driver with a 180° sinusoidal drive for high efficiency and low acoustic noise. This type of driver provides more torque in general when compared to conventional 120° BLDC motor drivers. Brushless 4 click allows for the use of a wide voltage range for the power supply, ranging from 2V to 14V. 

Features’ Descriptions:

· Speed Control by using PWM signal
The PWM signal will be used to operate the engine speed. The duty cycle regulates the rotor speed, while the frequency of the PWM signal, which can range between 20 Hz and 100 kHz, will have no effect on the rotation speed. When the PWM input is set to HIGH, the engine's rotational speed is at its optimum. If the PWM input remains at the LOW logic level, the motor pauses. Activating between HIGH and LOW logic levels allows the rotor to rotate at a terminal velocity determined by the length of the HIGH logic level state. Another way to control the motor speed is to change the voltage of the motor power supply, which is connected through the input screw terminal labeled VBAT. The voltage would range between 2V and 14V. 
  
· Motor Frequency Feedback
The FG pin can also be used to determine the rotational speed and phase of the motor. This pin performs as the Hall-effect sensor output, transmitting signals about the motor's speed and phase to the host MCU via the mikroBUS. The formula below should be used to compute RPM (rounds per minute). This formula is used to calculate the RPM via the value of the FG pin 
[image: ]
P = Total number of poles in the motor
S = Total number of slots in the motor

· Overtemperature Protection and Short Circuit Protection
The thermal protection protects the IC when it approaches 170°C, with thermal conductivity of 25°C before the restart is attempted, implying that the IC must be simmered down to 145°C before the restart is attempted. The MIKROE-3019's MCP8063 IC includes the current limit protection. Internally, the maximum current is limited to 1.5A. This restriction protects the output terminals transistors by preventing overheating of the motor coils. 

· Lock Detection
When the rotor becomes blocked or loses synchronization, an internal lock-up section detects the problem and connects the coils to GND, functionally discharging the rotor with minimal self-heating. A time-out is interrupted by another attempt to operate the rotor. If it remains blocked, another lock-up event is discovered, and a time-out period is triggered. The rotor is thus prevented from overcurrent.

[bookmark: _Toc70341392]3.9.1.3 Motor Drivers Comparison

The DRV10964 and MIKROE-3019 motor driver modules are both three-phase sensor-less motor drivers with 180-degree sinusoidal drive. Both have integrated MOSFETs, rotor lock detection, overvoltage protection, overtemperature protection, and automatic restart functionality. Both have the FG pin, which allows the user to compute the motor's speed and phase. However, the DRV10964 has additional features which are not present in the MIKROE-3019 motor driver. The DRV10964 motor driver has a smaller size compared to the MIKROE-3019 which implies less weight. The smaller size of DRV10964 allows it to be placed in compact places. They also vary in terms of operating voltage. The MIKROE-3019's operating voltage ranges from 2V to 14V, while the DRV10964's operating voltage ranges from 2.1V to 5V. Similarly, the DRV10964 shuts down at a lower temperature (160°C) than the MIKROE-3019 (170°C). The DRV10964 starts at 150°C after cooling while MIKROE-3019 starts at 145°C. This implies that DRV10964 starts earlier after temperature shutdown. The rotor lock detection time for DRV10964 is less compared to MIKROE-3019 and also has 5 different and versatile lock detection schemes.

The DRV10964 also has a sleep mode that allows it to stop the motor if the PWM duty cycle input is less than 0.38 percent. In addition to this feature, the DRV10964 provides under-voltage protection. The frequency of the PWM signals varies marginally between the two motor drivers. The typical maximum winding resistance for Precision Microdrives BLDC Motor (Model: 712-100.001) is 6.75 Ohm and the maximum winding inductance is 50𝜇𝐻. 

These design values for the BLDC motor are in the range of the desired values, set for the motor driver DRV10964 (Table 3). In addition to these features, the DRV10964 also has the Anti-Voltage Surge (AVS) feature to protect the power supply and also protects the equipment in case of a sudden decrease in the speed of the motor. Keeping in view all of the above advantages of DRV10964 motor driver over the MIKROE-3019 motor driver, the DRV10964 motor driver should be utilized in the project.



	Property
	MIKROE-3019
	DRV10964

	Size
	43 mm x 25 mm
	28.6 mm x 25.4 mm 

	Min Operation Voltage
	2 V
	2.1 V

	Max Operation Voltage
	14 V 
	5 V

	Peak Current 
	1.5 A
	1.8 A

	Frequency 
	20 - 100 Hz 
	15 - 100 Hz

	Thermal Temperature Shutdown
	170 °C

	160 °C


	Thermal Temperature Hysteresis
	25 °C

	10 °C


	Rotor Lock detention time
	4 to 5 seconds 
	0.3 to 0.33 seconds


[bookmark: _3m09k8hc4w1q][bookmark: _m021viftamvc][bookmark: _a24xt4hocd2o][bookmark: _Toc70341393]3.9.2 Microcontroller Unit Selection
[bookmark: _q1fvq35j9ku1][bookmark: _Toc70341394]3.9.2.1 Arduino Mega 2560

The Arduino Mega 2560 is a development board that uses the AVR ATmega2560 microcontroller. This microcontroller made by Arduino comes standard in 8-bit, 5-volt logic, but the version that will be used in the TubeSat 2.0 nanosatellite uses 3.3-volt logic. The Arduino Mega 2560 comes with many useful features that will improve the performance of our ADCS system, such as PWM outputs and a wide variety of Digital Input/Output pins. 

[bookmark: _oc7zitdbkjkb]Features’ Descriptions:

· Timer Modules
There are a total of 6 timer/counter modules on the ATmega 2560 microcontroller and they all support PWM output. This is beneficial because the PWM signal will have to be modified to work with the motor. Since this is an Arduino microcontroller, it is very easy and convenient to change the timer registers and modify the PWM output signal. It can be done inside the code by modifying the bits inside TCCRxA and TCCRxB registers. Once the contents are modified, we obtain a PWM signal at a desired frequency that can be used to drive variable speed devices, or different brightness levels. 

We can use an 8-bit timer, Timer/Counter 0, to generate the PWM signal, but another option is to use a 16-bit timer which is Timer/Counter 1, 3, or 5. One would choose a 16-bit timer to be more precise in the desired PWM frequency, as it would give a wider range of frequencies that could be generated. 

· AVR CPU
The goal of the CPU is to execute instructions, perform calculations, control any external devices, and access memory addresses. This microcontroller uses an AVR core, which implements a Harvard architecture. The Harvard architecture ensures that when an instruction is currently being executed, the next instruction is fetched and ready to go by the time the current instruction finishes. Because of this type of architecture, every clock cycle, there is an instruction being executed, making the CPU fast and efficient. 

The AVR Arithmetic Logic Unit (ALU) has a very high performance and works directly with the 32 registers. The ALU executes operations between these general-purpose registers within one clock cycle, and also between register and immediate. The operations that the ALU supports can be put into three classes: arithmetic, branch, and bit operations. The arithmetic section usually involves two registers, or a register and an immediate, to perform mathematical operations like adding and subtracting. The branch involves jumping between addresses or comparing, and the bit operation is used to set bits within registers. 

Another feature of the AVR architecture is providing different interrupt sources. The desired interrupt source must be enabled by writing a one to its interrupt bit, while also making sure that the Global Interrupts is enabled as well. Doing so will trigger an interrupt when a certain event happens in the program execution. 

· Power Management
The power conservation feature of the ATmega 2560 comes in the form of a register, which is called the Power Reduction Register (PRR). By changing the bits inside the PRR, the clock to individual peripherals can be shut down to conserve power. 

· Sleep Modes
Using sleep modes allows the MCU to shut down components that are not immediately needed when the program is running, therefore saving power. The ATmega 2560 has different sleep modes and each one disables a different clock source. The following table aides in determining which is the right sleep mode for a desired application. 







	
	Active Clock Sources

	Sleep Mode
	clkCPU
	clkFLASH
	clkIO
	clkADC
	clkASY
	Main Clock
	Timer Osc.

	Idle
	
	
	X
	X
	X
	X
	X

	ADCNRM
	
	
	
	X
	X
	X
	X

	Power Down
	
	
	
	
	
	
	

	Power Save
	
	
	
	
	X
	
	X

	Standby
	
	
	
	
	
	X
	

	Extended Standby
	
	
	
	
	X
	X
	X


Figure 37 - Sleep Modes
Idle mode, ADC noise reduction mode, power-down, power-save, standby, and extended standby all have different situations in which they could present to be a suitable mode for power saving. 

· ADC Converter
The ATmega 2560 has an Analog to Digital Converter that uses 10-bit resolution for a more precise approximation. The ADC converts analog voltages to a 10-bit digital version and stores the value in the ADC Data Registers. This result can then be used to perform calculations or tasks that would require a digital input. 

[bookmark: _Toc70341395]3.9.2.2 ATmega 32U4

The ATmega 32U4 is a microcontroller unit developed by Atmel that uses an AVR RISC architecture. This MCU operates on 3.3-volt logic and is also an 8-bit, low power option for a microcontroller. Also, the 32U4 is very similar to the Arduino ATmega 2560 but comes with slightly less features. The 32U4 can be found on the Sparkfun Pro Micro development board and can be programmed using Arduino IDE, providing some sort of convenience. 

Features’ Descriptions:

· Timer Modules
The timer modules found on the ATmega 32U4 are Timer/Counter 0, 1, 3, and 4. The first module, Timer/Counter 0 has an 8-bit resolution and supports PWM. The following timers, Timer/Counter 1 and 3 both support 16-bit resolution with PWM. Lastly, the last timer, Timer/Counter 4 has a 10-bit resolution and is a high-speed counter. These modules have different functionalities depending on the application that needs to be run, for instance, if we need a precise PWM frequency we might use the 16-bit timers. 

· AVR CPU
The ATmega 32U4 also has an AVR based CPU with the Harvard instruction set. As stated previously, this architecture ensures that instructions are executed every clock cycle by preparing the next instruction before the previous finishes executing. 

· Power Management
This MCU also comes with different power saving modes. Enabling a sleep mode will shut down the clock to a specific module, disabling the said module and saving power. This is crucial when the MCU is powered by a battery, which is the case in this project. Similar to the ATmega 2560, the 32U4 comes with the following sleep modes: Idle, ADCNRM, Power-down, Power-save, Standby, and Extended standby. These modes disable the same clocks as in the Figure 34 shown above, the only difference being that in the 32U4 we do not have the clkASY clock. 

[bookmark: _Toc70341396]3.9.2.3 Comparison

Both the ATmega 2560 and ATmega 32U4 are very similar in functionality and differ in only a few aspects. They can both be programmed using Arduino IDE but the ATmega 2560 is easier to set up. This is because the 2560 is made by Arduino and is already in the Arduino IDE software as an available board to use. When we try to connect the 32U4 to code with Arduino IDE, the board is not readily available. Since this MCU is part of the Sparkfun Pro Micro development board, one has to download the files associated with this board and import it into Arduino IDE before any code can be uploaded to it. Doing this task may not be very clear for first time users and can prove to be somewhat confusing. 

When it comes to operating temperatures, they both have different ranges. The ATmega 2560 has a maximum operating temperature range of -55℃ to +125℃, while the ATmega 32U4 has an operating range of -40℃ to +85℃. Comparing these two ranges, we can see that the ATmega 2560 can withstand more extreme conditions. In lower Earth orbit we can expect a temperature of 0℃ to 11℃, so both of these MCUs would be within the temperature limits. However, if the satellite was to be launched to a higher orbit where temperatures are colder, the ATmega 2560 would be the first choice for an MCU because it can withstand the colder temperatures. 

The ATmega 2560 has more features than the 32U4 and better operating conditions, making it our choice for this project. 
[bookmark: _68iqtwx7bxzy][bookmark: _Toc70341397]3.9.3 Voltage Regulator Selection
[bookmark: _Toc70341398]3.9.3.1 TPS61023 Boost Converter

The TPS61023 boost converter, manufactured by Texas Instruments, works on a minimum voltage input of 0.5 volts and outputs up to 5.5 volts. This boost converter is useful for applications that are powered up by batteries or a very low voltage power source, since it acts as a power supply. The device normally operates at 1 MHz when the input voltage is above 1.5 volts up to 5.5 volts. It also comes with a 5.7-volt output overvoltage protection, and thermal shutdown protection. 

[image: ]
Figure 38 - TPS61023 chip
The TPS61023 is very small at 1.2 mm X 1.6 mm, which makes it very portable. It comes with 6 pins, each with a different function. The pinout of the TPS61023 can be observed in the following table:

Table xx: Pinout description for TPS61023
	Name
	Type
	Description

	FB
	Input
	Voltage feedback of adjustable output voltage

	EN
	Input
	Enable logic input. Logic high enables the device. Logic low disables the device.

	VIN
	Input
	IC power supply input

	GND
	Power
	Ground pin of the IC

	SW
	Power
	Switch pin of the converter, connected to the drain of the internal low-side power MOSFET and the source of the internal high-side power MOSFET. 

	VOUT
	Power
	Boost converter output



This boost converter provides a power supply for small devices such as remote controls, or even devices that are powered by supercapacitors. This device can output 5 volts from a single cell battery. 

[bookmark: _Toc70341399]3.9.3.2 Pololu 5V Step-Up Voltage Regulator

The Pololu voltage regulator (U3V12F5) is capable of generating a 5-volt output from an input of 2.5 volts or higher. This device has dimensions of 13 mm X 8 mm and comes with 3 pin connections which could be soldered onto a breadboard. It also has a thermal shutdown protection, but it is important to note that this voltage regulator does not have reverse voltage or short-circuit protection. One has to be very careful when connecting the pins, making sure there is no short circuit that could potentially damage the step-up voltage regulator. 

The following pins are available on the Pololu U3V12F5:

Table xx: Pin description for U3V12F5:
	Name
	Type
	Description

	VIN
	Input
	Input voltage from 2.5 V to 5 V

	GND
	Power
	Ground pin

	VOUT
	Power
	Output voltage 



The manufacturer recommends soldering a capacitor between the VIN and GND pins to prevent voltage spikes of over 10 volts that could damage the step-up voltage regulator. 

[bookmark: _Toc70341400]3.9.3.3 Comparison

The main differences between the TPS61023 and the U3V12F5 are the rated operating conditions. The TPS61023 has a wider range of input voltages, from 0.5 to 5.5 volts, and outputting up to 5.5 volts at 95% efficiency under normal load conditions. It comes with 6 pins, instead 3 which is typical for voltage regulators. The higher number of pins means that it is more customizable for different applications. This device can also go into a shutdown mode when the voltage is too low, saving a lot of power. 

The U3V12F5 is a simpler and more affordable choice for a step-up voltage regulator. It is more straight-forward to use since it comes with 3 pins which are the traditional input, output, and ground pins. This regulator, however, has a more limited range of input voltages of 2.5 to 5 volts. This condition can limit the number of applications that can be used with this regulator, because if we have a battery that outputs less than 2.5 volts it will not work for this regulator. When the input is within the nominal range, the U3V12F5 is 80~90% efficient, which was provided by the manufacturer in the following graph:

[image: ]
Figure 39 - Regulator Efficiency Under Different Input Voltages
Since we are looking for a highly efficient step-up voltage regulator that will feed from a 3.3-volt power source to amplify it to 5 volts, the Pololu U3V12F5 presents some clear disadvantages. First off, batteries tend to provide less voltage the longer they are in use, and even though our TubeSat 2.0 is able to recharge the battery, we want a voltage regulator that could operate on low input voltages. Next, since power saving is a huge concern in this project, we need a regulator that is highly efficient and has a low power mode. These are the reasons why we chose the TPS61023 as the step-up voltage regulator of choice for this project. 
[bookmark: _Toc70341401]3.9.4 USB to UART Converter Selection
[bookmark: _Toc70341402]3.9.4.1 CP2102 USB to UART Controller

In order to communicate between a PC and a microcontroller, some sort of conversion has to happen between the two components so they can communicate. The CP2102, manufactured by Silicon Labs, is a USB to UART bridge controller that allows for the transmission of data to USB. This device is compliant with USB 2.0 and comes with a Universal Serial Bus function controller. This controller manages all transfers of data from USB to UART or vice versa. The CP2102 chip comes in 5 mm X 5 mm dimensions, which is very small. Here are some maximum ratings of the CP2102.

	
	Symbol
	Min
	Max
	Unit

	Bias Temperature
	TBIAS
	-55
	125
	℃

	VDD w/ respect to GND
	VDD
	-0.3
	4.5
	V

	Max. current through VDD and GND
	
	
	500
	mA



The CP2102 has a 5 to 3 V voltage regulator built into the chip and it uses pin VDD as either input or output. When the regulator is enabled, VDD can be used to power external devices that require 3 volts. Alternatively, if pin VDD is supplied 3 volts, the CP2102 will disconnect the voltage regulator feature and work as a self-powered USB device. 

[bookmark: _Toc70341403]3.9.4.2 USB-SER USB to UART Converter

Another type of converter available on the market is the USB-SER module, manufactured by Gravitech Group. This device allows a computer to connect to it and use it as serial communication. The manufacturer claims that no additional programming is required to operate this module. This board comes with 6 pins which are described as follows:


	Name
	Description

	TX
	Transmit from board. Connects to RX pin on any MCU

	RX
	Receive into board. Connects to TX pin on any MCU

	+5V
	Connects to USB 5 V bus

	3.3
	Can be used to power 3.3 V circuits

	GND
	Common ground

	FQ
	6 MHz output clock signal



It appears that the USB-SER also comes with an internal voltage regulator, outputting 3.3 volts that can be used as a power source for other devices. Also, this board comes with dimensions of 1.25” X 1.00”. 

[bookmark: _Toc70341404]3.9.4.3 Comparison

The most obvious differences between the CP2102 and the USB-SER bridge converters is the size and pins. The CP2102 module is smaller than its counterpart, with dimensions of 5 mm X 5 mm. This will make it more convenient to use on a PCB board, since we are constrained by the small room inside of our satellite. Also, this module is more customizable since it has 28 pins with multiple functionalities (11 of these pins are not connected). The built-in voltage regulator is also better on the CP2102 because it can be shut-off by the chip.

When it comes to the USB-SER module, the manufacturer does not provide many details that are essential to this project, such as operating temperatures and the range of voltages that are allowed for smooth operation. This issue presents a challenge because we would like to have these values since the device as a whole will be operating in space. They also manufacture this onto a board that comes in 1.25” X 1.00” which is considered too large for this project. Without a data sheet for this device, it is easy to make a decision; we will use the CP2102 for this project.  
[bookmark: _Toc70341405]3.9.5 Motor Selection
[bookmark: _Toc70341406]3.9.5.1 - Precision Microdrive BLDC motor
 
The motor from Precision Microdrive with a model number of 712-100.001 is a sensor-less motor, having 3 poles with a ball bearing and permanent magnets. It has a shaft diameter of 15mm and a weight of 7.8grams, while the length of the shaft spans 21mm. It is rated for a load of 0.5mN/m and 14000rpm a load speed. Its maximum operating voltage is 6V and has a load current rating of 300mA and a starting current rating of 1250mA. This motor has an efficiency of 50% and outputs a maximum power of 900mW. The maximum winding resistance is 6.75 ohms, and the maximum winding inductance is 50uH. According to its temperature specifications, it operates in a temperature range of −15°C to 45°C. 
 
Construction Specification 
 
Permanent magnets are used in the design of the motor. In a DC generator, a magnetic circuit rotates inside a magnetic field. The basic function of a DC motor is based on the fact that when a current carrying conductor is within a magnetic field, a mechanical force is observed by that conductor. This principle defines the operation of all kinds of DC motors. As a consequence, in order to design a DC motor, a magnetic field must be created. The magnetic field is generated using a magnet. Magnets of different types, such as electromagnets and permanent magnets, may be used. A PMDC motor is made up of two major components. An armature and a stator. The stator, which is a steel cylinder, is shown here. The magnets are attached to the inner surface of the cylinder. While one magnet's N-pole is facing the armature, the next magnet's S-pole is still facing the armature. The steel cylindrical stator not only supports the magnet on its inner periphery, but it also operates as a low resistance return path for the magnetic flux. The permanent magnets are arranged such that the N-pole and S-pole of each magnet alternately face the armature, as seen in the diagram below.
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Figure 40 - Stator/Rotor Polarization
Although field coils are not found in permanent magnet DC motors, they have been used in conjunction with them on purpose. The use of permanent magnets in this system has the benefit of being less costly and smaller in size. Since no input power is needed for oscillation, the DC motor's output improves. Since there is no field coil, space for the field coil is maintained, resulting in a smaller overall size of the motor.
 
 Number of poles 
 
Precision Microdrive BLDC motor has a total of 3 poles. A permanent magnet has magnetic sides, but motors may be wired to provide a larger proportion of poles in their magnetic field. This motor has three poles, and it is wired. A two-pole motor can make a full rotation with a single polarity switch, whereas a four-pole motor can only rotate 180° with a single magnetic field switch. If all other considerations are similar, more poles result in a lower motor speed. A 4-pole motor, for example, would spin at half the speed of a 2-pole motor. When using an 80 Hz, 2-pole motor the speed of the motor would be 4800 rpm. In contrast, if the same frequency is used on a 4-pole motor, the speed of the motor would be 2400 rpm. The number of poles and phases is the major distinction. A typical BLDC motor may have three phases which are considered as two poles and three slots, while a stepper motor may have up to five phases and several more poles to have up to 500 steps per revolution. The greater number of slots and poles a motor has, the more a stepper motor fits. The way to calculate the motor's speed is to multiply the number of frequencies by 120 and divide that number by how many poles the motor has. 
 
Bearing Type 
 
A bearing's role in a DC motor is to shield and position the rotor, in order to keep the air gap small and consistent, as well as, to transfer loads from the shaft to the motor. This motor uses a ball bearing type. Bearings must be able to operate at both low and high speeds while minimizing frictional damages. Due to the increased resistance, heat is generated at the point of interaction as current flows from the outer ring of the ball race to the inner ring from each ball. The heat generation causes the ball to spread in the hot zone, causing slight deformation and pushing onto the race's inner and outer circles. The lubricant and bearing capability will be directly affected by the specified shaft speed. Insulated bearing solutions should be considered since induction motors and pulse modulation motors may trigger electrical issues or trouble shooting on bearing wheels. The bearing would stiffen and seize if the ball was static, but since it is rotating from the initial spin, the flexural resistance causes the ball to pull itself more round in the direction of motion, maintaining the acceleration. This acceleration is constant on all balls that are attached directly to the inner and outer rings.
 



Lead and Connector Specification 
 
Each phase of the Precision Microdrive BLDC motor has three wires that will be connected to the motor controller. Each step would be supplied with the same amount of current. Lead length is approximately 100 mm, and lead length is known as the complete length or the distance between the motor and the connector. In addition, the length of the lead strip is approximately 4 mm.
 
Operational Specification 
 
The Precision Microdrive BLDC motor has a rated operating voltage of 5 V and a maximum operating voltage of 6 V. When we apply our load, which is the reaction wheel, the overall continuous torque would be about 0.5mNm. Once the reaction wheel is on the motor's shaft, the rated load speed for a voltage under set torque at rated load would be about 14,000 rpm, and it can go over or under by 2,100 rpm. The maximum speed we can achieve with a heavy load is 16,000 rpm. On a strong load, the effective start-up current is about 1,250 mA. At rated voltage, fixed torque, and rated load, the current would be about 
00mA.
 
Typical Performance and Environmental Characteristics 
 
The motor's typical load power consumption at rated voltage and load is 1,250 mW. At a rated voltage, the current is approximately 1000 mA, and the peak performance is 50% at a peak current of 800 mA. The motor's average overall peak power with a load is 900 mW. The motor has a mean operating temperature of 45 degrees Celsius and a minimum operating temperature of around –15 degrees Celsius.
 
[bookmark: _Toc70341407]3.9.5.2 Maxon Group BLDC motor 
 
The motor from Maxon Group with part number 339255 is a 3 phase with a hall sensor or a sensor less motor having 4 poles pairs with a ball bearing. It has a shaft diameter of 22mm, a weight of 15 grams and a shaft length of 6.3mm. It is rated for a load of 3.22mN/m and a load speed of 3030 rpm. It operates at a voltage of 6V and a current of 0.56 A. The speed of the motor reduces as the load on the motor is increased. This motor can have a maximum speed up to 15000 rpm and has a maximum efficiency of 59%. The terminal resistance for this motor is 6.6ohm along with a terminal inductance of 0.639mH(638uH). According to its temperature specifications, it can operate in an environment where the temperature is between −40°C 𝑎𝑛𝑑 100°C. 
 
The motor's thermal characteristics: Thermal resistance housing-ambient of 20.6 K/W, thermal resistance winding-housing of 8.69 K/W, thermal time constant winding of 2.67 s, thermal time constant motor of 34.2 s, ambient temperature range of -40 to +100 degrees Celsius, maximum winding temperature range of +125 degrees Celsius The motor has the following features: mechanical info, followed by absurdist product specifications and mechanical data values are as follows: ball bearing form, maximum speed of 15,000 RPM, axial play from 0 to 0.14 mm, maximum axial load dynamic of 1.8 N, maximum force for press fits static of 18 N, shaft support static of 200 N, maximum radial load 5 mm from flange of 1.9 N.
  
Construction Specification 
 
Maxon flat motors are ideal for use in small spaces. Brushless motors are available with internal and external rotors and can achieve speeds of up to 20,000 rpm. Because of the simplistic architecture, it was possible to simplify the production process to a large extent, which is expressed in the low price. DC flat motors with hall sensors, sensor less motors, or EC motors with embedded electronics are all options. These motors may also be used in conjunction with gearheads and encoders. The following are the characteristics of Maxon DC flat motors: Price-performance ratio that is appealing, External, multipole rotor designed for high torques, at higher rates, the open architecture allows for outstanding heat dissipation. DC motors are not often well incorporated into structures. Space and weight are major concerns in our design, for example, with standard solutions reaching their limits. As a result, Maxon Motor offers frameless motor modules for its brushless flat motors (DC flat).

[image: A picture containing indoor, roulette, gambling house, checker

Description automatically generated]
Figure 41 - Maxon Flat Motor 
Hall Sensor
 
By sensing variations in the magnetic field, a Hall-effect sensor located near the rotor, the rotating part of the motor, would be able to detect its position very precisely. Sensors like this may also be used to track rpm, for example, by measuring how many revolutions the reaction wheel makes. They are widely found in electronic speedometers and anemometers, where they work in the same way as reed switches do. As Hall-effect sensors are placed in a magnetic field, the Hall voltage is measured from two of their faces. Any Hall sensors are stored in compact chips with dc link capacitors and can be directly integrated into broader electronic circuits. The simplest use for one of these devices is to assess the position of something. The signal from the Hall effect sensors is reflected in the digital figure (H1, H2, and H3), which represents the various phases for the motor. In this diagram, the three sensors are all integrated. The last one which is F2 or T2 sensor can measure angular velocity at a high rate since it is three times faster than a single Hall effect sensor.
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Figure 42 - Hall Sensor RPM Example
Consider the most basic scenario: Three sensors with four or three poles, and an angular velocity of one revolution per second which is 60 rpm. As the rotor rotates once, the north and south poles move in front of the sensor just once. The sensor sensitivity would be half of the time at high level and half of the time at low level during one revolution. One revolution is equivalent to one cycle in this setup. The first theorem explains how to measure the frequency F1. To calculate the frequency, multiply the number of poles by the angular velocity in revolutions per second and divide the sum by two. 

Thermal Time Constant 

Maxon flat DC motor has a thermal time constant of 34.2 seconds. The motor thermal time constant is an indication of the heat power of a motor's windings and outer case; it is a calculation of how much internal heat a motor can hold. A motor with a lower thermal time constant generates internal heat quickly but often dissipates the heat quickly. A higher value indicates a motor that takes much longer to dissipate a specified amount of heat.
 
Thermal Time Constant for Winding 

Maxon flat DC motor has a thermal time constant of 2.67 seconds. The motor thermal time constant is an indication of the heat power of a motor's windings and outer case; it is a test of how well a motor retains internal heat. It is the period taken for a given motor to achieve 63.2 percent of its maximum rated speed in a no-load state.

Bearing Type 

A ball bearing is a kind of rolling-element bearing that uses balls to keep the bearing races apart because of the limited surface region between the balls and races, ball bearings have a lower load volume for their scale than other types of rolling-element bearings. A ball bearing's function in a flat dc motor is to minimize rotational friction and help axial and radial loads. It accomplishes this by containing the balls and transmitting the loads across the balls using at least two categories. In certain cases, one race is fixed and the other is fixed to the spinning assembly. When one of the bearing races rotates, the balls move as well. Since the balls are rolling, the coefficient of friction is even smaller than if two smooth surfaces were moving against each other.
 
Number of poles 
 
Maxon Dc motor have 4 pole parts. Realistic dc motor designs usually have more than two poles. Increasing the number of poles with a given flux per pole increases the induced voltage at a given speed and the torque usable per amp. A mechanical device is used in a DC machine built before the using the power of electronics to switch the AC induced loop voltage to provide a DC voltage at the machine's terminals. This is referred to as commutation. A split-ring commutator is used to achieve mechanical switching. Each conductor or loop is attached to a cylindrical conductor that is divided into two parts. The cylinder makes contact with stationary brushes while the piston rotates. As time passes, the x and y poles are attached to alternating ends of the rotor conducting loop.  Originally, copper wire bushes were used; current devices use spring-loaded graphite blocks. As the rotor rotates, the halves of the split ring commutator travel past the stationary brushes. 
 
Mechanical Data and Thermal Data 
 
The top speed of this motor is 1500 rpm, and the maximum axial load is 1.8 N. The force that the motor will provide for press fits is approximately 18 N static. The maximum torque is approximately 3.22 mNm, and the maximum load current is approximately 0.56 A. Stall torque is approximately 5.29 mNm, and stall current is 0.9 A. The shaft support has a 200 N force to support the load and force the shaft to spin at maximum speed without lagging.
 
Comparison and Conclusion
 
Precision Microdrive model number (712-100.001) is a sensor-less motor with three axes, a ball bearing, and permanent magnets. It has a shaft diameter of 15mm, a weight of 7.8grams, and a length of 21mm. It is optimized for a load of 0.5mN/m and a load speed of 14000rpm. It has a maximum operating voltage of 6V, a load current rating of 300mA, and a starting current rating of 1250mA. This motor has a 50 percent performance and a combined power output of 900mW. The maximum winding resistance is 6.75 ohm, and the maximum winding inductance is 50uH. It runs in a temperature range of 15°C to 45°C, according to its requirements. The other motor is also a 3-step which can be ordered with a hall sensor or sensor-less motor with 4 pole pairs and a ball bearing from Maxon Group (339255). It has a shaft diameter of 8 mm, a weight of 15 grams, and a shaft length of 6.3mm. It is optimized for a load of 3.22mN/m and a load speed of 3030 rpm. It has a voltage of 6V and a current of 0.56 A. As the load on the motor increases, the motor's speed decreases. This motor has a top speed of 15000 rpm and a maximum performance of 59 percent. This motor's terminal resistance is 6.6 ohm, and its terminal inductance is 0.639mH. The temperature requirements state that it can operate in temperatures varying from 40°C to 100°C. 
 
As can be shown from the table, the Precision Microdrive and Maxon Group motors have certain properties that are almost identical, such as the voltage rating and terminal resistance. The motors vary in several ways. First and foremost, the Precision Microdrive motor has a 15mm body diameter, while the Maxon Group motor has a 20mm diameter and is larger. The rated speed function of both motors differs as well; the precision Microdrive motor is rated for a higher speed (14000rpm) than the Maxon motor (3030rpm). The load current of the Precision motor is smaller than that of the Maxon group motor. In terms of power, the Precision Microdrive motor outperforms the Maxon Group motor. The average load for the Maxon Group motor is greater than the rated load for the Precision Microdrive. After comparing the motor performance and price the Precision Microdrive motor should be utilized in the project. 

	Feature
	Precision Microdrive
	Maxon Group

	Body Diameter 
	15 mm 
	20 mm

	Rated Speed 
	14000 rpm
	3030 rpm

	Rated load 
	0.50 mNm
	3.22mNm

	Number of Poles 
	3
	4

	Nominal Voltage
	5 V
	6 V

	Load Current 
	0.3 A
	0.56 A

	Maximum Efficiency 
	50%
	0.56%

	Terminal resistance 
	6.75 ohms
	6.67 ohms

	Terminal Inductance 
	50 uH
	639 uH

	Weight
	7.8 grams
	15 grams

	Bearing Type
	Ball bearing
	Ball bearing

	No load speed
	16,000 rpm
	9090 rpm 

	Shaft length 
	21 mm
	6.5 mm


Table 2 - Motor Comparison Table
[bookmark: _8v6kizudduy7][bookmark: _Toc70341408]4. Related Standards and Constraints
This section will illustrate the sets of technical definitions and guidelines for the designers, manufactures, and ultimately our project. Standards help promote safety, reliability, productivity, efficiency in every industry that relies on engineering components or equipment. We used our own processes to decide on what materials and equipment to use, but each of those have their own standards that suppliers rely on to make sure the components being sold are safe and will operate as expected. There are many institutions that are solely involved with keeping standards and certifying materials with their standards in order to ensure the quality of materials. IEEE, ASTM, IEC, are just some of the companies that will be mentioned and that we have taken into consideration when selecting materials and constructing the TubeSat.

In this design project, we needed to design the TubeSat as if it was going into orbit even though the project ends with the testing on earth. This is why you will see considerations that would otherwise be superfluous on a system that will only operate in earth’s conditions. It is important to draw this distinction, because space-bound specifications are considerably more rigorous and have more considerations/constraints that an otherwise earth-based ADCS system would not need.
[bookmark: _d5btux7wtpb2][bookmark: _Toc70341409]4.1 Aerospace Related Standards
For our creating an attitude determination control system on a NanoSat, we first took a look at the leaders of the industry, NASA, to make sure that we are complying with similar standards throughout the project. The NASA-STD-6016 “Standard Materials and Processes Requirement for Spacecraft” was the most inclusive document that had a majority of the standards used for spacecrafts and the additional considerations we needed for space-bound equipment. This standard was used for NASA’s own CubeSat program. This document covered all spaceflight hardware including vendor-designed, off-the-shelf, and vendor furnished items, which is all we are going to be using in our project. In this compilation of standards, the ones that will be covered in related standards to our project will be ASTM E1548 “Standard Practice for Preparation of Aerospace Contamination Control Plans,” GEIA-STD-0005-1A “Performance Standard for Aerospace and High-Performance Electronic Systems Containing Lead-Free Solder,” and NAS 412 “Foreign Object Damage/Foreign Object Debris (FOD) Prevention.”
[bookmark: _Toc70341410]4.1.1 Standard Practice for Preparation of Aerospace Contamination Control Plans
ASTM International is a standards organization that develops technical standards for an array of products and areas. This is a long standing and highly regarded institution that is used by virtually every engineering industry worldwide. In this particular standard (E1548), the concerns are for the preparation of a space-bound unit in order to enforce contamination control, especially of aerospace critical surfaces. One of the considerations early on in the project was to use pressurized air to orient the satellite, but due to the fact that then we would have to abide by the quality control of the particulate we would be emitting into space, that would increase the expense of the design considerably. This led to the fact that we did not have any particulate, molecular, or biological contaminants in our final design after disinfecting the unit that was completely made with PCB material. The disinfecting of our system is set to be handled by Interorbital Systems before launch as part of their costs of launch.
[bookmark: _Toc70341411]4.1.2 Performance Standard for Aerospace and High-Performance Electronic Systems Containing Lead-Free Solder
Something we came across several times was the use of lead-free eutectic solder (SAC387). We considered this because of the frequency of its use, but the reasoning on why it was used became clear after reviewing the specification. The specification shows in a comparison between lead-free solder and lead solder that the main use for the lead-free solder is for its higher melting point of 217°C. In our specific system, we do not have a need for a higher melting point as our satellite will not be exposed to temperatures higher than 183°C (melting point of lead solder). In addition, the specification raises concerns with the increased thermal conductivity, lower resistivity, and higher electrical conductivity, which would in essence be a benefit to the project, but the specialized equipment needed to use the lead-free solder would be too expensive for the minor benefits we would see overall. This in addition to the concerns of lead-free manufacturing like whisker growing, generation of a conductive anodic filament, and tin pest, pushed us further to the tried-and-true lead solder.
[bookmark: _Toc70341412]4.1.3 Foreign Object Damage/Foreign Object Debris (FOD) Prevention
The specification developed by the Aerospace Industries Association establishes a standard for the military and commercial industry to prevent foreign object damage to aerospace products. It basically encourages manufacturers to build sturdier and more robust systems as space debris has been a constant factor for damages and malfunctions in systems that are in space for an extended period of time (either in orbit or in a trajectory). This is of course a concern of ours as our NanoSat will be in orbit for over four weeks if launched, but there are some saving graces. The outside of TubeSat is completely covered by its solar panels and on the top and bottom there are aluminum rings. While the rigidity is less than what is recommended in the specification, this system will be deployed, the solar panels we are considering an “extra” for further alignment, and the experimental results we would want to see are going to happen in the first thirty minutes after deployment. This specification was important for us to understand the risks of not building an additional chassis protecting the solar panels from damage. In the end, the deciding factor was that we could prove our ADCS was successful in a very short time and any damage done would be to the solar panel cells which were not an essential part of replicating the project in space.
[bookmark: _Toc70341413]4.2 Lithium Battery Standards
Lithium batteries have many considerations when being used in a system that will be transported. In particular we had to look at two standards for transportation safety and one standard for testing. 
[bookmark: _Toc70341414]4.2.1 Lithium Battery Transportation Safety
IEC 62281 demonstrates the proper procedure for inland transportation of lithium-ion batteries as they can be potentially harmful under the wrong conditions. In the event we have to transport our system to the Interorbital Systems’ site, we have this transportation safety document that is used by DHL and they are capable of any transportation issues we might run into as they take responsibility for the system from drop-off to delivery on site. In addition, we found additional documentation for lithium-ion transportation to space. NESC-RP-08-75 produced by NASA, showed that the most important consideration is that “any critical equipment battery (which for us are all three cells) must survive any single credible failure mode without causing damage to equipment.” In our power block we have a Lithium-Ion Battery Charger that has a built-in charge status, follow-up circuit breakers, and additional voltage regulators. This considerably decreases the possibility of an energy failure, and especially one that leads to equipment damage due to the breakers. 
[bookmark: _Toc70341415]4.2.2 Lithium Battery Testing
Battery testing considerations were also given by the NESC-RP-08-75 specification produced by NASA, but we additionally looked at UL 1642 which is the most referenced standard for lithium batteries. They both essentially recommended similar testing methods being performed, but our current batteries are UL certified so we looked closer at that specification. The requirements that these batteries were tested for was that their users or technicians could replace them if needed, that the risk of fire or explosion while in use was minimized, that these batteries contained less than 5g or less of metallic lithium, and that they were rated grade A. The 18650 batteries were charged and drained 20 times (as user testing asked) before implementing them into the system to check the performance as well as the efficiency of the batteries. When tested they performed as expected.
[bookmark: _Toc70341416]4.3 Programming Languages - Arduino/C++
It is important to note that the Arduino language that we are using is written in C++ with an addition of special methods and functions. Arduino code files or a “sketch” is then processed and compiled to machine language. This code can also be uploaded directly in the Arduino ISP that is used to program their microcontrollers. 

IEEE 830 “Recommended Practice for Software Requirements and Specifications,” sets out a guide on new software being developed. This specification is a great tool as it is not language specific, but more focused on the general purpose, user-interface, and testing requirements. 
The first topic was to determine the nature of your software. In our case, our software is to communicate needs from the IMU to the reaction wheels. These needs are created by reading the 3-axes gyroscopic data and then reacting accordingly until the gyroscope reads zero. 
The second topic was concerning the characteristics. This required that all of the requirements of the code shall be unambiguous, concise, complete, modifiable, and testable.

The third topic was joint preparation. This portion states that we need to coordinate with the needs of the customer as well as our own needs and adapt to problems and issues that arise. We can parallel this to the additional potential needs of communicating with the radio if this system gets launched into space. This portion is covered completely by the CSF club and is easily integrate-able into our own program.

The fourth topic is SRS Evolution, which just means that you must have the capability to change or adapt the software in case an unforeseen issue arises. This language is common and non-proprietary, in addition to open-sourced so these problems should not arise at all.

The fifth topic concerns testing. They specify that prototyping is necessary, and we fully agree. Not only did we prototype our software with the reaction wheels, but we also tested the limits of the motor with max load, no load, and other intermediate steps. Testing was probably our first priority once we procured all of the systems and we verified with oscilloscopes and multimeters the outputs we were controlling with the code. There were no concerns at the end of our testing.

The sixth topic dealt with embedding design, which was done for us with the Arduino Mega microcontroller already part of the kit from IOS.
[bookmark: _Toc70341417]4.4 Nanosatellite Standards
The most specific standards that we have used in our project are the Nanosatellite standards. These standards are very new, and therefore, they are constantly under review and are changed frequently. Due to this being a “new technology”, we have taken the approach of using company definitions and following their current requirements, which they have specified, as it is an efficient method of obtaining a standard for our overall system.
[bookmark: _Toc70341418]4.4.1 Alen Space Standard
A Nanosatellite is defined by Alen Space, is any satellite weighing under ten kilograms. Furthermore, the shape of the satellite does not matter. Most frequently the shape is cubical, and it is being taken as a modular unit. The classification systems are 1U, 1.5U, 2U, 3U, or 6U, depending on the size and weight of the satellite. The weight of each classification increases from one kilogram to ten kilograms and is the primary indicator of the classification. Anything larger than ten kilograms is then classified as a microsatellite, while anything smaller than one kilogram is classified as a picosatellite. Alen Space also stresses the purpose of this standard is to ensure that satellites that are being sent into space are for a scientific purpose (experimentation, trial, confirmation of theory, or data collection). The benefit to this standard is that there are not many implied constraints, and that sizing is not a consideration as long as the weight requirement is met.
[bookmark: _Toc70341419]4.4.2 Interorbital Standard
The interorbital standard is much more stringent than the Alen Space standard as they have shape and size requirements, including an electronic bay size maximum. They separate the categories of nanosatellites to 1U, 2U, and 3U. Each has a separate requirement for sizing and weight, but for our project we are a 2U nanosatellite. The first requirement for a 2U nanosatellite is that it must fit in a cylinder two-hundred and forty-seven by ninety-nine millimeters container. It must also have a maximum mas of one and a half kilograms. It must have at least three plungers located on the bottom end one hundred and twenty degrees apart. It must have three six-millimeter diameter, three-millimeter-high non-conductive contact surfaces on its top end. It must have a total length of two hundred and fifty-four millimeter from tip to tip with the plungers compressed. The reason for these additional restrictions is because they are planning to stack the TubeSats on top of each other for deployment and if they are not balanced or even, errors are possible to occur. In addition, they require all exterior areas to be non-conductive due to an additional safety measure for handling and transportation alike.
[bookmark: _Toc70341420]4.5 Component Related Standards
Component standards are an important factor for making sure that you are not only purchasing quality products, but that the products will work in conjunction to one another. This is especially important in our project, as there is no redundancy available due to our weight and size constraints imposed by needing to meet requirements for space launch. These standards should be referenced in the documentation corresponding with the components as applicable, and if they are not, they should at least meet the same quality requirements that are specified in the standards under Section 4.5.
[bookmark: _Toc70341421]4.5.1 Definition of the Brushless DC Motor Standard
This standard was defined in the Conference Record of the 1988 IEEE Industry Applications Society. The formal definition of a brushless motor as specified by IEEE is “A brushless dc motor is a rotating self-synchronous machine with a permanent magnet rotor and with known rotor shaft positions for electronic commutation. A motor meets this definition whether the drive electronics are integral with the motor or separate from it.” 

Some distinguishable features of a brushless motor could be: 
1) Motor with a permanent magnet rotor and wound stator, which is supplied from a DC power source. A transistor then switches controlled by a shaft position sensor. 
2) Motor with a PM rotor and wound stator, which is supplied from a dc power source through an inverter whose output voltage and frequency are controlled independently of shaft position.
3) Motor with a wound rotor and wound stator, brushless exciter to supply the rotor (field) windings, invertor to supply the stator windings, which is either self-commutated or machine commutated, invertor supplied by a dc link from a converter.
4) Induction motor with stator windings fed by a self-commutated invertor supplied by a dc link from a converter. System may utilize shaft position sensors for vector control.

Additional important distinctions are: 
1) The primary supply voltage must be DC
2) The motor speed has to be approximately proportional to the primary DC voltage in order to obtain a DC shunt motor characteristic and eliminates motor speed control by frequency.
3) Matrix of solid-state switches to apply the primary DC voltage to the stator windings
4) Rotor shaft position sensors and logic to control the switching times of the matrix switches.

Since this standard is from 1988, we have taken the most recent technology, which is the three-phase motor, and narrowed down the definition to just three-phase motors. The reason behind this, is that three-phase motors are smoother and more efficient than one or two-phase motors. 

A three-phase motor has the following characteristics: The stator of this motor is wound with three phase windings displaced by 120 degrees, which can be connected in delta or in wye. Generally, the neutral point is not used. The windings are energized with six pulses by six power transistors in cyclic sequence. A such motor not only delivers an even torque output, but the exploitation of the material used is at its optimum.
[bookmark: _Toc70341422]4.5.2 Reaction Wheel Design Standards
The standard defined in Energy Management and Attitude Control Strategies using Flywheels by IEEE 2012, is also considered as it defined how the use of multiple reaction wheels function to reduce the space vehicle overall mass, volume, cost, and maintenance requirements, while improving vehicle performance. 

The system model is defined as a rigid spacecraft with actuators that provide body-fixed torques about a body-fixed reference frame U located at the center of mass of the spacecraft. The body- fixed torques are applied by an array of N (> 3) flywheels with fixed axis of rotation with respect to B (i.e., reaction wheel-type mode of operation). The dynamic model for the described system is given by:

h = J*w +A*hf
hf = Jf*wf

These expressions relate the angular velocity of the spacecraft with the angular momentum of the spacecraft in addition to the area of the spacecraft and the angular velocity of the reaction wheels. These kinematic equations govern the overall attituded kinematics of the overall system and will be used in our code to calculate the appropriate angular velocity of our reaction wheels. The control objectives that the standard proposes are:

1)  The flywheels track a desired energy/power profile
2) The spacecraft tracks a desired attitude trajectory

These features are being monitored consistently and will work reactively in order to control and stabilize the satellite.

What our initial senior design proposal and the standard have in common is the understanding that we need to overcome the need for the exact knowledge of the spacecraft inertia. This is why an adaptive controller is designed to ensure that the satellite will be able to stabilize with an unknown initial input value for angular velocity, making it impossible to have a non-adaptive system.

This standard can be improved by adding the IEEE-produced Advances in Reaction Wheel Design for Magnetic Cleanliness. Since the purpose of testing technologies in smaller satellites is to reduce the cost overall and mitigate the losses in the case of a failure. The important factors that are learned with this standard is the importance of magnetic cleanliness and the rotating mass expectations in a Reaction Wheel design.

Usual payloads include a number of instruments particularly susceptible to magnetic fields, namely magnetometers and Radio Plasma Waves. In order to achieve accurate readings for scientific objectives, the platform contribution to the DC magnetic and AC magnetic fields must be carefully controlled to an unprecedented precision. “The driving science requirement is to observe physics at kinetic scales, particularly those processes tied to electrons, which necessitates observations of magnetic fields of order 10pT over a timescale of minutes, and for kHz frequencies AC magnetic fields as low as 10fT.” This is most easily accomplished by the use of reaction wheels as they emit very low magnetic fields especially with low voltage systems in DC.
[bookmark: _Toc70341423]4.5.3 Space Based Solar Panel Design Standards
The standard produced by IEEE in 2012 called Space Based Solar Power (SBSP): An emerging technology, is a perfect illustration of the importance of being able to orient a satellite using the ADCS technology, in addition to adding considerations to be aware of with the implementation of this technology in space.

This technology has the most potential when used in Geosynchronous orbit. This would mean that a satellite would be illuminated by sunlight 24 hours a day for most of the year. Due to the 23” tilt of the Earth’s axis, the satellites pass either above or below Earth’s shadow. The only period where a shadow will be cast upon the satellite would be during the equinox period in both spring and fall. This concept was developed by Dr. Peter Glaser. While in Low Earth Orbit (LEO), our satellite will not be maximizing its power potential, the considerations are mostly the same. 

The advantage of a solar powered satellite is that compared to natural gas, oil, coal plants and ethanol, space based solar power does not result into by-products like greenhouse gases. Also, like nuclear power plants, space solar power will not produce hazardous waste, which needs to be stored and guarded for hundreds of years. It also does not have a weight-change consideration during the usage of its energy source like natural gas or oil.

The standard produced by IEEE in 2013 called Space-based solar power via LEO satellite networks further identifies the considerations that we have monitored in our project. This highlights some of the benefits of having a TubeSat instead of the more popular CubeSat as well.

The first topic speaks about “Ring Formation Flying” this is a consideration for most satellites as it dictates how the position of the satellite will be oriented in respect to the Earth. This has two main impacts, the first being transmission to Earth Stations and Generation of Solar Energy. The transmission efficiency loss for the transmission method in Figure 38 can be improved via a synchronization algorithm that depends on a phase angle synchronization in conjunction with a frequency synchronization, but it does not eliminate the losses. Another method that minimizes the transmission loss: considers a reference spacecraft which collects power from other spacecraft, then transmits the wireless power to the ground receiver (see Figure 39). This method would eliminate the Doppler effects compared to that of Figure 38, where multiple spacecraft simultaneously transmit to ground receiver. However, the conversion efficiency of wireless RF power transmission to DC, and vice versa, from one spacecraft to another should be taken into consideration. The transmission efficiency of the scenarios depicted were calculated and it was determined that having individual satellites send signals to a ground station would be overall more efficient than one oriented satellite sending a signal the ground station after receiving the inputs of all other satellites. 
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                 Figure 43 - Rotating with Orbit Input           Figure 44 - Orienting to Solar
This concludes that if we were able to orient every satellite to the ground station, it would produce even greater efficiency in communication between the two. It is our purpose to show that ADCS is a low-cost and possible solution to this issue.

Due to the fact that our satellite design is in a cylindrical shape, rotating the satellite, would not affect the number of solar cells that are being illuminated at a time, while a cubical satellite might have an issue in the event that it is not precisely on one of its sides. This satellite design would effectively be more apt to use when having to orient a signal from a satellite as shown in the previously mentioned IEEE standard. 
[bookmark: _Toc70341424]4.5.4 Electrical Characterization of Printed Circuit Board
The IEEE 370-2020 Standard for Electrical Characterization of Printed Board and Related Interconnects at Frequencies up to 50 GHz is the main design standard that we used for the PCB design. The main use we got from this standard are the portions titled: Test Criteria and Verification of Structure.

For Test Criteria, the P370 standard establishes requirements for both the structures included in the fixture design and their electrical characteristics. A 2x thru structure is required for measurement of fixture insertion loss and return loss. There are a number of proposed requirements for the 2x thru structure that are intended to ensure usable, accurate measurements from this structure:

1) The 2X thru shall be routed on the same PCB layer as the test fixture traces
2) The 2X thru shall incorporate the same layer transitions and test point launch as the test fixture

In our PCB design we have satisfied both of these requirements exactly as specified in IEEE 370-2020. For the Verification of Structures, we have implemented the two structures that were recommended in order to provide the data needed for fixture de-embedding. The line structure provides a qualitative approach to verify the de-embedding results, as the S-parameter of de-embedded line structure should follow the ideal behavior of a transmission line.  The Beatty structure is a resonant network that provides insight into the fabrication process as well as the quality of the calibration.  The increased line width creates a large low impedance discontinuity and a standing wave with resonances at set frequencies.
[bookmark: _Toc70341425]4.5.5 Inertial Measurement Unit Standards
The NIST (National Institute of Standards and Technology) issued a standard for Inertial Measurement Unit for On-Machine Diagnostics of Machine Tool Linear Axes. This standard is particularly applicable, due to the fact that it used IMU data to identify the changes in translational and angular errors. This is a very similar application for what we will be using the IMU on the nanosatellite. It first establishes a linear testbed, then it compares the values obtained by the IMU, and finally issues an error margin. Instead of an error margin, we would issue a command response to the reaction wheels to reduce speed to zero (or correct the “error”). In this way, we can use this standard as a good benchmark for what our project should look like.

We want to reiterate that this standard is a great indicator of what benchmarks we should use for our IMU. The benchmarks we can take away from this standard are:
1) IMU frequencies should correspond to 3dB points (half-power)
2) IMU noise to uncertainty ratio should not surpass 4:1
3) Verify that the bandwidth of the sensor is within data-gathering rates
[bookmark: _Toc70341426]4.6 Design Constraints
[bookmark: _mbgwbonanu1y]Design constraints are extremely important for multiple reasons. The first reason is to ensure the compatibility between multiple components. The second reason is because design constraints help the project focus on the solution to a particular problem. The third reason is so a project can make critical decisions by first narrowing down what you cannot use first. In this way, the constraints are helping the project make decisions that would best fit in the set parameters. Using unacceptable alternatives would make part selection increasingly more difficult as well as what we are able to test and the expectation for how to monitor success in the project.
[bookmark: _Toc70341427]4.6.1 Time Constraint
Due to the fact that this is a senior design project, the biggest factor is being able to complete, test, and present our project by the end of July 2021. This is the largest consideration as it will be where we be evaluated as successful or not. There were many parts that were extremely cheap and high quality, but due to the COVID pandemic there were component shortages that influenced the lead time of parts we had to procure. In particular a motor had a lead-time of six to nine months, which on the latest timeframe we would miss our time constraint on the project. The mitigation and control of the time constraint is being done by keeping an updated level three schedule, where we have a procurement period throughout Senior Design one. It is our intention and goal to have all parts procured by the end of April, which would reduce the threat of missing our time constraint. In addition, as parts come in, they are tested immediately in order to have the time to obtain replacements if necessary.
[bookmark: _Toc70341428]4.6.2 Weight Constraint
This constraint comes from a requirement in order to send our Nanosatellite into space. The constraint is placed by Interorbital Systems, which will be assisting us in the launch process. For a 2U nanosatellite, the weight requirement is to not surpass 1.5kgs. The largest factor that will influence this constraint are the actual enclosure of the nanosat, the solar panels, the motors, the reaction wheels, and all other added electronic materials. In order to design the attitude determination control system, we have to maximize the weight of the reaction wheels, therefore we have to minimize the weight of all other components. A consideration is that if the motor is too small and the wheel is too heavy, it will not spin and therefore our experiment will fail. The payload of the kit is 700 grams, while the total mass is 1.2kg. This means that all added materials must be under 300 grams, while keeping as much of the mass for reaction wheels. Due to the overall system being so lightweight, orientation should not require as much energy as one might imagine. This is especially true in space, as we will not have to deal with friction as we will in our testing design. In our testing design, we also have to make sure that our rigging is able to hold 1.5kgs and will not be impacted by the movement of that weight. In this way, we have a value that will be a constant marker and consideration for part selection and experimentation moving forward in the project. 
[bookmark: _Toc70341429]4.6.3 Size Constraint
This constraint comes from a requirement of not being able to have any extruding parts from the Nanosatellite. Interorbital Systems specifies that all added parts must be inside the enclosure provided in order for them to send it into space. This means that we must keep a spatial awareness of where we are placing the reaction wheels, PCB, and motors, so that they do not extrude from the enclosure space. The diameter for the satellite is ninety-nine millimeters, but we will need at least a four-millimeter buffer in order for the spinning effects of the wheels not to unintendedly hit a nearby part. This coupled with the weight constraint, is going to be the deciding factor of what material we are going to machine the wheels into (refer to section 4.5.5 for further information). This also affects how we place the PCB and the items on the PCB. The additional constraint for the PCB is that it cannot surpass ninety millimeters. This makes it increasingly difficult to fit PCB components into a fairly small board. We made decisions to reduce the number of components that need to go on the PCB by homogenizing necessary voltages to run components. Luckily, most of the components are fairly small, but the smallest ones have a long lead time due to shortages caused by COVID. 
[bookmark: _Toc70341430]4.6.4 System Voltage
In order to keep this project as homogenous as possible, we decided on making the system voltage be from 3.3V to 5V. The solar cells emit at 5V, but the internal system and Arduino run on 3.3V. We wanted to keep all of our systems between this range so that we minimize the use of voltage regulators. This affects the motor and motor driver selection the most as many different motors run on different voltages. We were able to find a strong enough motor to run on 5V and not affect the performance of the ADCS, so we kept the rest of the materials between those two voltages. This simplifies design and reduces the number of components necessary.
[bookmark: _Toc70341431] 4.6.5 Reaction Wheel Constraints
The reaction wheel design has several components that need to be considered in order to meet an adequate design for an attitude determination control system. The first constraint that needs to be addressed is the size of the reaction wheels. Not only do we have to design them to the maximum diameter, in order to maximize the inertia generated by the wheel, but also, we have to keep in mind the area that is allowed by the TubeSat for mounting the reaction wheel design. Diameter has to be considered with the wheels on the X and Y axis, but the motor length plus the wheel width has to be considered for the Z axis. The maximum wheel diameter was determined to be 19.9mm taking into consideration the vise vacuum that will be used to hold the wheels in place. Wheel thickness also plays into account, as the thickness is also a major factor of weight. The maximum thickness was determined during the modeling of the reaction wheel system shown below. 
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Figure 45 - AutoCAD Reaction Wheel Size Constraints
The second constraint that impacts the reaction wheel design is weight. Not only do we have a maximum weight requirement for the TubeSat at 300grams for all added units, but we have an additional weight requirement imposed by the motor that spins the reaction wheels. If the wheel is too heavy, the motor will not have enough torque to spin the wheel. In an effort to maximize the wheel weight, we have reduced all other component weights as much as possible, without effecting performance. An optimization was had between the reaction wheel and the motor, as a lighter motor usually meant lower torque capacity. In our case, we found a more expensive motor that had a higher torque per weight value. For more information, please see section 4.6.6. 

The third constraint is the total angular momentum needed to be produced for the wheel to be effective. Due to the positioning of the reaction wheels, distributed weights throughout the system, and overall system shape, we developed a minimum angular momentum that the wheels will need to produce to have satisfactory results in orienting the TubeSat. For each of the axes, the angular moment has to be greater than the original rotation on the axis (which would be when the system is deployed in space) times the following values. In the X direction, the angular momentum would have to be greater than 1.4 times the current angular velocity in the X direction. In the Y direction, the angular momentum would have to be greater than 1.54 times the current angular velocity in the Y direction. In the Z direction, the angular momentum would have to be greater than 1.16 times the current angular velocity in the Z direction. There is no current data associated with the initial angular velocity of a TubeSat at launch, but even if there was, it would be an approximation at best as the factors are easily changed by the deployer of the system in space. 
[bookmark: _Toc70341432]4.6.6 Motor Constraints
The motor is an integral part of the design of the system. It must be compatible with the electrical system, as well as perform to the best extent when taking into consideration the design of the reaction wheels. As stated in section 4.6.5 an optimization between the motor and the weight of the reaction wheel had to be done in order to have the best functioning system. We need a motor that has enough torque to rotate the weight of the reaction wheel, while still being small enough to minimize the size and weight of the motor. What ended up being the concession was on price and lead time, as the motor we ended up picking was more expensive and with a longer lead time than the others we compared it to. We even made a factor of torque/gram in order to compare the motors accurately. This can be shown in greater detail in the Motor Part Selection of this report.

Another, albeit less important factor, was the length of the shaft of the motor. We saw that different motors had different shaft sizes. The shaft size in important in the design of the Z axis reaction wheel, as it influences how thick the wheel can be. In addition, the shaft size has to be larger than all of the reaction wheel thicknesses (designed to be all the same size), because of how we are attaching the wheel to the motor. This consideration became less important, because we ended up finding many motors that had longer-than-necessary shafts, which we can then machine down to the size we need.

A constraint that was found while researching what type of motor we needed was the need for the motor to be brushless. A lesson learned from NASA, was that brushless motors were proven to be the best all-around type of motor for aerospace applications, because of their long life, high torque, high efficiency, and low heat dissipation. When speaking about low heat dissipation, this is especially important in a kit as small and compact as we have it, because the potential for a spark to happen could be catastrophic, particularly in a vacuum environment. Even at low voltages, electricity can travel through a perfect vacuum (space) and a vacuum arc can occur. If a vacuum arc occurs in our system, it would undoubtably fry the components we have, as since we are weight-constrained, we do not have any backup systems to compensate for that occurrence.

Finally, the last consideration was the input voltage required to run the motor. This was something that was not planned to be a big issue as we had seen a good number of motors that ran on 3.3V, but upon further inspection, the motors that ran on 3.3V were rarely in stock or produced too little torque. This ended up making a design decision to use a motor that ran on a 5V DC power supply. This was not a huge factor to the overall design of the system, nor did it raise any concerns in the system as the solar panels are 5V and are subsequently stepped down to 3.3V. We would just be stepping the voltage back up further down the line to 5V again, which should not produce any significant strain to the electrical system.
[bookmark: _Toc70341433]4.6.7 Motor Driver Constraints
The motor driver’s constraints changed early on in the project as it was one of the first parts procured. We originally had just expected that the motor driver must only be able to run between the 3.3V input voltage of the Arduino and the 5V input voltage needed for the motor. This is true and we are still following this logic in our final design as that is all the electrical system requires for the motor to function. What we did not expect, was trouble with the compatibility between the code needed to operate the motor driver with the Arduino. Some motor drivers have their own proprietary code and operating system, that a user would have to purchase in order to use and run. This was an emergent constraint that we have now implemented in our final design with the TI Motor Driver, as it does not have the need for an additional operating system that we would need to purchase in order to control the motor driver.
[bookmark: _Toc70341434]5.0 Design
The following section will be broken up into subsections where there will be a particular design aspect discussed. The reasoning and purpose of each aspect will be touched upon in great detail. By the end of this section, you will have a great understanding of our team’s design and its ability to be one of the most cost-effective DIY Attitude Determination and Control Systems for nanosatellites on the market.
[bookmark: _enrnszl2spq0][bookmark: _Toc70341435]5.1 Hardware
As discussed in a previous section, the TubeSat is a pre-designed kit ready for development. This section will touch upon hardware that was designed specifically by the team and affiliates for this project. Some hardware in this section was collaborated on with fellow members of The Collegiate Space Foundation at UCF as well as members of the Interorbital Systems team. Those members will be given sufficient credit for their work.
[bookmark: _xuhei5iievcx][bookmark: _Toc70341436][bookmark: _8d54wkmju0lj]5.1.1 Reaction Wheel
This piece of hardware is also referred to as a momentum wheel and is one, if not the most critical element/s in this design. Without it, we would not be able to generate angular momentum in order to counteract the angular momentum of the satellite. In other words, we would not be able to stabilize or orient the satellite at all. In the early stages of this design, we had to take into consideration a constraint that would cause us to heavily consider what material we would use for our wheel. 

The TubeSat configuration is achieved by stacking PCBs atop each other via standoffs. These standoffs are 20 mm in length which would create a distance of such length between each of the PCB payloads. This length became the nominal diameter of each of our reaction wheels. Keeping the wheels to this size would ensure that we were maximizing the space we had between each PCB and staying within constraint. Now that we have a diameter for our wheel, we have to determine a thickness. If we go back to the momentum equation, we see that our momentum relies solely on the radius and mass of our wheel. We already maximized the radius but now we have to maximize the mass. The only way to do that is to choose a high-density material and also maximize the thickness. Calculating the thickness of the reaction wheel can be made obvious when observing the Z axis motor of the Attitude Determination and Control System. The length of the motor in the Z direction is 15.5 mm which would mean that there is 4.5 mm between the base of the motor and the next PCB. This dimension of 4.5 mm would inevitably become the thickness of the reaction wheel in order to maximize our momentum formula. Our last step is choosing a material that will yield the highest momentum while being affordable and staying within the torque specifications of the motor.
[bookmark: _ctjkws2x88k1]
[bookmark: _jaumgokmdjjg]The team determined that Pure Lead would be the best suited material for the reaction wheel. Pure Lead has a density of 11.35 g/cm^3 and is number 82 on the periodic table. Other than density, pure lead is relatively low cost and is still machinable. But pure lead must be carefully handled as it can be toxic to the body so safety measures will be taken. 

Before realizing the pure lead reaction wheel, the team must find a distributor of pure lead and a machine shop that will realize the design for a reasonable price. Luckily for the team, the University of Central Florida has a machine shop that can be utilized by the Engineering Department. For the distributor, it was determined that the pure lead material would be procured from McMaster Carr. Since McMaster Carr doesn’t have 4.5 mm thick sheets of pure lead, the thickness of the design was reduced to 3.175 mm or ⅛ in. The material that was purchased is 6” X 6” X ⅛” for $29.88. This was decided because it is the closest dimension to the calculated maximum value of 4.5 mm. This ultimately leads to a tradeoff between readily available material and momentum.

Due to the high malleability of pure lead, the material was received slightly warped. This would lead to a reaction wheel that is not symmetrical due to warping. In order to avoid this, the pure lead was surface ground giving a smooth, clean, and parallel finish to the wheel. After surface grinding to both sides of the pure lead piece, the thickness was reduced to 3.1 mm. Lastly, the pure lead was machined to the specified diameter of 20 mm and a 1.5 mm hole is drilled at the center to allow for mounting onto the shaft of the motor.
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Figure 46 - Reaction Wheel Schematic
[bookmark: _ulvrxphwgr3u][bookmark: _Toc70341437]5.1.2 ADCS Mounting Structure
The ADCS Mounting Structure is utilized by fixing the BLDC motors and Reaction Wheels to the ADCS PCB in each of the three axes. It should be noted that this structure has been designed by The Collegiate Space Foundation at UCF Mechanical Team. The design was headed by its Team Lead, Austin Burden. The team used Fusion 360 and took the following design steps:

· Sketch 40.94 mm x 40.94 mm square centered at origin.
· Extrude 18 mm.
· Offset XZ and YZ planes 20.47 mm to align them with the side face of Cuboid.
· Construction Line 16 mm from side. 
· Construction line 8.2 mm from bottom and end of 16 mm line: Point at top of 8.2 mm line is the origin of the circular sketches.
· 12.5 mm diameter circle sketch, cut/extrude 16.9 mm into body.
· 15.6 mm diameter circle sketch, cut/extrude 1.04 mm into body.
· Sketch 1 mm diameter circle on face 12.5 mm hole, cut/extrude 3.19 mm into body. 
· Extrude rectangular surface at bottom to provide clearance for RWs. 
· Repeat on other faces to create a location for motors to sit.
· Fit Point Spline that wraps around holes for motors: Keep as symmetric as possible.
· Repeat on the other face. 
· Cut/extrude face on YZ plane (created by the fit point spline) 15 mm into the body.
· Cut/Extrude face on XZ plane 13.67 mm.
· Fillet on all sharp edges. 
· Cut/Extrude Corner opposite of both motor holes 14.7mm.
· Fillet on all sharp edges.
· On the top face add construction lines 16 mm from the corner opposite the motor. Holes then 16 mm into the face. 
· Sketch 21.3 Center Diameter Circle, cut/extrude 2.7 mm.
· Sketch 15.6 Center diameter circle, cut extrude 1 mm.
· Sketch 12.5 mm center diameter circle, cut/extrude 13.8 mm.
· Sketch 2 mm center diameter circle on bottom face, cut/extrude through remaining body. 
· Sketch Line corner to corner through center of Z-axis wheel. 
· Offset Plane to be aligned with the sketch line. 
· Sketch 2.25 mm diameter circle on the most recent offset plane, cut/extrude 25 mm into body (hole for wires). 
· Fillet Sharp edges in the hole.
· Offset a new plane so that it is inside the Z motor hole and facing the hole created for the wires. 
· Sketch 4.5 mm diameter circle that will run through hole for wires, cut/extrude 11 mm into the body. 
· Sketch 13.25 mm hole on bottom face between X and Y motors, cut/extrude 8 mm into body.
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Figure 47 - ADCS Mounting Structure AutoCAD Fusion360 graphic
[bookmark: _h5y36o8egddx][bookmark: _Toc70341438]5.1.3 BLDC Motor Manipulation
In order for the BLDC motor to fit inside the TubeSat, the shaft must be shorter than the manufactured size. It is measured that 20 mm is the maximum distance between stacked boards in the TubeSat. So, the shaft must not exceed 20 mm in length. The team decided that if the reaction wheel was lifted about .3 mm from the faceplate and the reaction wheel is ⅛ inch thick then the shaft would only need to be around 19 mm. Using End-Cutting Nippers, the shaft is resized to 19 mm. 
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Figure 48 - BLDC Motor Schematic
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Figure 49 - BLDC Schematic
[bookmark: _65l7gaudd8b9][bookmark: _Toc70341439]5.1.4 Antenna Board
The antenna board serves as one of the most important aspects of the TubeSat. Depending on the design of this board, it can result in either a successful or failed mission. This board was designed solely by the Interorbital Systems team.

The antenna board is the topmost PCB of the TubeSat and acts as the antenna for all radio communications between the TubeSat and the ground. The antenna consists of a spring-metal tape measure which creates a simple bendable omnidirectional dipole antenna. When the TubeSat is loaded into the rocket, the antenna is designed to bend to conform to the ejection pod. Once ejected into orbit, the antenna will passively and instantly deploy.

The specifications of this antenna yield a theoretical gain of about 2.15 dB which brings the total power of the TubeSat to 1.5 W. The antenna is tuned to half of the wavelength of the 434 MHz frequency. So, the antenna measures 33.1 cm from tip to tip. Another thing to note is the impedance matching of the antenna. The antenna is brought down to 50 Ohms in order to match the impedance of the network.
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Figure 50 - Antenna Board
[bookmark: _vxfes0lbshwa][bookmark: _Toc70341440]5.1.5 Main Board
The main board of the TubeSat is the central unit where all the major functionality is located. The three main functionalities are split into blocks which are power, radio and controller. This board was designed solely by the Interorbital Systems team.

The controller block consists of an ATmega2560 microcontroller, a BMX160 inertial measurement unit (IMU), a CY15B104Q external memory, and a CP2102 USB-to-UART converter. The microcontroller used is the same one found on the Arduino Mega2560 board. The only difference is that the controller block is running on 3V3 at 8MHz opposed to 5V at 16MHz. This was done in an attempt to save power. This microcontroller was chosen as it will keep the project simple, accessible, and easy to work with for everyone on the team. It also allows the use of the Arduino Interactive Development Environment (IDE) for programming. This simplifies the project as there are vast amounts of resources for programming in this environment keeping it extremely user friendly. The IMU is a critical element in this project. In order for the Attitude Determination and Control System to work, it needs input of how the TubeSat is behaving in terms of attitude. So, the IMU will be used to verify and control the attitude of the TubeSat. The external memory is an optional piece designed into the controller block. Depending on if there is any data the team wants to store about the payload or the health of the TubeSat it will be utilized. Lastly, the USB-to-UART converter is used in programming the microcontroller through the micro-USB connector on the main board.

The radio block of the TubeSat is based on the Si4464 high-performance, low-current transceiver from Silicon Labs. It is programmable and communicates using SPI connection to the microcontroller. You can choose between (G)FSK, 4(G)FSK, (G)MSK, OOK modulation and data rate form 100bps to 1Mbps. It has been associated with the 1.5W Qorvo RFFM6406 power amplifier. The radio has been designed and set to work in the 433MHz band.

The power block has been designed to get the maximum power available from the eighteen solar panels. Considering the fragility of the space-grade cells, the lifespan in orbit, and the purpose of most micro-satellites, IOS chose to use commercial-grade cells that are cheaper, less fragile, and easier to solder, even if that implies losing a bit of performance. The TubeSat can be charged by the
solar panels or the USB port or both. It needs to get the maximum power available from the solar cells in order to properly charge the 18650 Lithium-ion batteries. Then, to finally distribute the power to the other systems and keep the systems unpowered until the “Remove before Launch” connector has been removed.

Lithium-ion batteries are the industry standard for low weight, small volume, and high energy storage. It is used in most applications of energy storage in space, and this was considered in our project. The power block consists of a 3-cell Lithium-Ion battery, which can contain about 35Wh. These batteries are rechargeable and will be constantly charged by the solar panels on the TubeSat. The power block also allows for charging the batteries before launch with a USB port and keeps the systems unpowered until the “remove before launch” connector has been removed. This allows for us to maximize the amount of time our ADCS system can function in low earth orbit. The circuitry of the board limits the charging current of the cells to 645nA and stops charging after 20 hours. The standard IOS TubeSat should last around 90 minutes with 38 minutes in darkness. During the time the TubeSat is in darkness, it would solely rely on its battery power.
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Figure 51 - Main Board Schematic
[bookmark: _tlkw1m35nanm][bookmark: _Toc70341441]5.1.6 Solar Panel
The choice was made by IOS to use commercial grade solar cells on the solar
panels in order to reduce the cost and increase the strength, as some of them
customers have reported that the space-grade cells were arriving broken or were
too fragile to handle. The TubeSat has 18 solar panels in 9 groups of 2 in
parallel. Each one of these solar panels can produce up to 196mW or 43.9mA
and 4.46V at maximum power peak.

It is expected that only 4 solar panels will be effectively producing electricity. Given their angle to the sun, one can expect about half of the total production of these panels, so about 392mW. Also, the fact that part of the orbit is in the shadow of the Earth should be considered. The standard IOS TubeSat 310km circular polar orbit should last about 90 minutes, with 38 minutes in darkness. During that time, the satellite can only rely on its battery as no sunlight is available.
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Figure 52 - Solar Panel Schematic
[bookmark: _ng7vg8u97958][bookmark: _Toc70341442]5.1.7 Development Board
The development board was designed by IOS in order to give the customer the ability to design their own payload. The development board acts as a perf board that has access to both bus A and bus B of the main board.

The team intends on taking the IOS development board and creating the Attitude Determination and Control System circuits on it. Taking the schematic, board, and Gerber files the team is able to manipulate the development board into our very own. Then, the board will be sent off to a board house for manufacturing.
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Figure 53 - Development Board Schematic
[bookmark: _pk54zmflmrln][bookmark: _Toc70341443]5.1.8 End Board
The end board has no other purpose in the TubeSat but to “close” its bottom end and add strength. This board was designed solely by the Interorbital Systems team.
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Figure 54 - End Board Schematic
[bookmark: _8v5oq3mk2i6p][bookmark: _gz922b21ttce][bookmark: _Toc70341444]5.2 Prototype Testing
All the elements of this phase are intended to be 1:1 model of what already exist on the TubeSat and what will be implemented into the team's PCB design.
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Figure 55 - Prototype Testing Setup
[bookmark: _8px05mm5tjom][bookmark: _Toc70341445]5.2.1 Microcontroller
The microcontroller chosen for the breadboard testing is the Arduino Mega2560.    This microcontroller was chosen because it shares the same processor as the one implemented on the TubeSat main board. The only difference is that the Arduino Mega2560 runs on a 16 MHz clock and supplies both 3V3 and 5V to the power bus. The 16 MHz will affect processing time and power consumption, so it is important to note these differences when moving to system testing on the TubeSat. But, for breadboard testing the Arduino Mega2560 will suit us just fine. It should be noted that the 5V output on the power bus will not be used for testing as the TubeSat will not have access to this resource during the mission.

The buses used on the Arduino Mega2560 for this breadboard testing are the power and digital buses. The pins used on the power bus are the 3V3 and GND which will be fed to the voltage regulator. The pins used on the digital bus are pins 44 and 50. Pin 44 supplies a PWM duty cycle which will be utilized in varying the speed of the BLDC motor. Pin 50 supplies either a digital high (1) or a digital low (0) in order to change the direction of the motor.
[bookmark: _x4xecu80thb4][bookmark: _Toc70341446]5.2.2 Voltage Regulator
The voltage regulator used in this testing is the Pololu 5V Step-Up Voltage Regulator (U3V12F5). A voltage regulator is required because the BLDC motor used in the Attitude Determination and Control System requires 5V to operate. The TubeSat does not have access to 5V so the 3V3 will need to be stepped up in order to achieve this.

The VIN of the voltage regulator is connected to the 3V3 pin of the Arduino Mega2560 and the GND of the voltage regulator is connected to the GND of the Arduino Mega2560. The VIN is stepped up to 5V using the voltage regulators internal circuits. This 5V and GND is then fed to the motor controller.
[bookmark: _azrin4s0dtog][bookmark: _Toc70341447]5.2.3 Motor Controller
The motor controller used in this breadboard testing is the DRV10964 Evaluation Module. There’s a needed modification on the module before testing can take place. The module consists of two circuits in one. The first circuit consists of the PWM timer with potentiometer. Since we will be using our own PWM duty cycle generated from the TubeSat MCU, we can remove the functionality from our prototype. So, by removing the R6 resistor we create an open between the two circuits.  
 
Now, all there is to do is configure the module. There are two sets of jumpers that need to be placed properly. The first set is FR which determines the direction at which the BLDC motor spins. Since our motor needs to be able to spin both clockwise and counterclockwise, the pin is connected to digital pin 50 on the Arduino Mega2560. This allows the MCU to send a low signal (0) or high signal (1) which determines the spin direction. The second set is the FGS which determines which equation is used in calculating the speed of the BLDC motor in RPM. The equation associated with a high signal (1) was selected and in order to configure it it is tied to VCC so that it is always reading high. 
 
Taking the 5V output of the voltage regulator, it is connected to the VCC of the module. The VCC input is also accompanied with GND. The BLDC motor has three wires which each of them are associated with a certain phase. The motor is then connected to the U, V, and W pins of the module. 
 
The last thing to be completed is the connection of the PWMIN, CONFIG, and FG test points. PWMIN is connected via banana clip to digital pin 46 on the Arduino Mega2560. CONFIG is connected via banana clip to a power supply. This power supply is supplying 1.41V to the CONFIG pin in order to tune the closed to open threshold appropriately for our BLDC motor. This voltage was determined from tables 6 and 7 of the DRV10964 Evaluation Module User Guide. Lastly, FG is connected via banana clip to Channel 1+ of the Digilent Analog Discovery 2 module. This module is a high performance, all-in-one USB oscilloscope and instrumentation device. Channel 1+ is used to evaluate the FG signal. In order to visualize the oscilloscope, the WaveForms app is installed. The frequency measurement is added to our signal to receive the frequency from the FG. This frequency is then input into our formula provided by FGS to compute speed in RPM. 
[bookmark: _Toc70341448]5.2.4 Reaction Wheel
The reaction wheel used in this prototype testing is the reaction wheel designed by the team. The reaction must be attached to the shaft of the BLDC motor for testing to commence. In order to attach the reaction, an adhesive must be used to firmly position the wheel on the shaft. Loctite Super Glue was chosen to be the adhesive. This adhesive was chosen because the team wants to be able to have the reaction wheel firmly positioned on the shaft but be removable if necessary. 
 
A vise vacuum is used in order to clamp the BLDC motor in place. A level is placed on the vise in order to achieve a level surface for the gluing process of the reaction wheel.
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Figure 56 - AutoCAD Reaction Wheel Design
[bookmark: _Toc70341449]5.3 Payload
The payload is an Attitude Determination and Control System which utilizes lead reaction wheels that is supported by multiple electronic components. The electronic components included on the PCB will be discussed in the following section. ECAD software used and procedure will be explained as well.
[bookmark: _Toc70341450]5.3.1 PCB Design
Once prototype testing was complete and all subsystems were tested thoroughly, it was decided to start the design of the PCB. The ECAD software that was chosen for the development of the PCB was KiCad. KiCad is an open-source software suite for Electronic Design Automation (EDA). The program handles Schematic Capture (Eeschema), and PCB Layout (Pcbnew) with Gerber output. 
 
The PCB design started with building a detailed schematic. This is the foundation of each and every PCB design. The schematic must incorporate all the different functionalities from the working prototype and tie them into one system. Before getting started on the schematic, certain libraries are needed in order to develop a PCB that will seamlessly integrate into the TubeSat upon completion. So, important symbol and footprint libraries were fetched from IOS that contained connector and board dimension information. A symbol contains metadata describing a particular part that in turn can be used in the schematic. A footprint on the other hand contains the pad information of a particular part that in turn can be used in the PCB layout and 3D modeler. A symbol must always have a corresponding footprint.  
 
The schematic design started with the voltage regulator. The Pololu 5V Step-Up Voltage Regulator (U3V12F5) that was used in the prototype was decided not to be used in the final PCB design. Since documentation could not be found regarding the schematic of this voltage regulator, it was decided to turn to TI’s Power Designer tool. Power Designer always lets you input the parameters of a desired voltage regulator suitable for your application. The tool will output multiple designs with various pros and cons. Whether you value efficiency over cost or vice versa the tool allows you to place priority over one or the other. In the case of our voltage regulator design, it was decided that a balanced approach was appropriate. The following parameters were input in the tool: input of 3.2-3.4V DC and output of 5V at 1.25A. The tool presented a design which included TI’s TPS61232DRCR. The tool provides a schematic and BOM that can be exported and used in the KiCad environment. Since the PCB needs to house three BLDC motors that all operate at a nominal voltage of 5V, it was decided to add three voltage regulators that would be dedicated to each motor. Each voltage regulator has an input voltage of 3V3. VIN on the TPS61232DRCR is tied to the 3V3 net on the TubeSat bus. The ground net is connected to the GND net on the TubeSat bus. The bus net table is provided below: 
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Now that the voltage has been stepped up to 5V from 3V3, it is time to connect the motor controller. The motor controller that is used in the PCB design is the same motor controller used in the prototype testing phase. This motor controller is TI’s DRV10964FFDSNT. Each BLDC will have its own dedicated motor controller. TI provides schematic and BOM for the DRV10964 Evaluation Module on their website. The schematic is almost completely replicated in the PCB design with exception to a few things. The PWM timer side of the circuit will be excluded from our design since we will be generating our own PWM duty cycles from the TubeSat MCU. Also, in TI’s design they leave out a R2 resistor attached to the CONFIG pin. The DRV10964 has the option of changing open to close loop handoff threshold by configuring the CONFIG pin. If there is an issue with the motor starting up, TI recommends changing the open to close loop handoff threshold. Different levels of open to close loop threshold can be set based on the voltage applied on the CONFIG pin. The open to close loop handoff can be changed either by changing the voltage on the CONFIG test point or by changing biasing resistors R2 and R3. It was decided that since our motors maximum speed is in the range 200 to ~250 Hz then our handoff frequency is 50 Hz. In order to achieve a handoff frequency a voltage of ~1.41V. This was achieved by choosing values of biasing resistors R2 to be 12kOhm and R3 to be 4.7kOhm. 
 
The input PWM pins on the DRV10964FFDSNT are connected to available PWM pins on the TubeSat bus. The first motor controller is connected to Bus A pin 21, second motor controller to Bus A pin 22, and third motor controller to Bus A pin 23. 
 
The input FR (direction) pins on the DRV10964FFDSNT are connected to available digital pins on the TubeSat bus. The direction is determined with either a 0 or 1 hence the need to connect to a digital interface. The first motor controller is connected to Bus B pin 31, second motor controller to Bus A pin 32, and third motor controller to Bus A pin 33. 
 
The input FGS (equation) pins on the DRV10964FFDSNT are tied to the 5V net in order to keep the pin high. This will always activate the necessary equation in order to find speed which is: (FG x 60 x 3) / # of poles. 
 
The output FG (motor speed) pins on the DRV10964FFDSNT are connected to available analog pins on the TubeSat bus. The speed is determined by adding both of the high and low durations hence the need to connect to an analog interface. Then this frequency is divided by the number of poles to find RPM (speed). The first motor controller is connected to Bus B pin 11, second motor controller to Bus A pin 12, and third motor controller to Bus A pin 13. 
 
The last thing on the schematic is connecting the three different phases U,V, and W to test points so that they can be soldered to the corresponding BLDC motor. Before concluding the design of the schematic, we must confirm that the correct symbols and footprints have been used. Using the Ultra Librarian interface, all the necessary symbols and footprints are retrieved. Symbol libraries are imported and saved in the Symbol Library Editor tool. Footprint libraries are imported and saved using the Footprint Editor tool. Once the symbols and footprints are assigned correctly, we must pass an ERC and then generate a netlist. With the netlist, the necessary nets and footprints can be imported into the PCB layout. 
 
Now that the netlist has been generated, it is now loaded into the PCB Layout. Once loaded, all the footprints that were assigned in the schematic will be shown. There is also something called the rat nest. This rat nest is a visible connection of all the nets between the components on the PCB. The rat nest helps determine the orientation of components in order to minimize the chance of track crossover during routing. An important thing to note is that bypass capacitors should be as close as possible to the voltage regulator. This was taken into consideration when laying out the components. All of the components will be placed on the top layer of the board. The bottom layer will be reserved for the ADCS mounting structure which will house the BLDC motors and lead reaction wheels. 
 
The next step in the design process is routing the traces. Since the board has two layers, routing on both layers was performed in order to ease the process. Routing between layers is possible with the use of vias. Vias are copper filled holes that connect a net that exists on two or more layers.  
 
Our final steps in the design process are to pass a DRC, generate Gerber files, and drill files. Gerber and drill files will allow the board house to manufacture the exact board that was designed in KiCad. The team decided to have our board manufactured with JLCPCB. The decision to go with JLCPCB was attributed to the affordable rates offered to manufacture prototype boards. With the PCB being manufactured in the board house, all the components are ordered from Arrow Electronics and Mouser Electronics. 
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Figure 57 - PCB Final Design
[bookmark: _1v1jrr8x8k4m][bookmark: _Toc70341451]5.3 Overall Schematic
[bookmark: _6dbdxvrzvjl3][bookmark: _qjggt2nat0mz]This is the schematic of the ADCS PCB that was designed in KiCAD.
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[bookmark: _Toc70341452]5.4 Software Design
In this section we will discuss the software implementation in our senior design project. The software will be executed on the Arduino ATmega 2560, which will take various readings from sensors on the PCB and control the system accordingly. The software is one of the most crucial aspects of our project, because without a proper microcontroller that can handle tasks efficiently, and proper code to implement our desired control, the nanosatellite would not be able to orient itself in space and would tumble indefinitely.
[bookmark: _Toc70341453]5.4.1 Writing Libraries in Arduino
The major attributes to a good program are organization, user friendly, and easy to follow. The Arduino website provides some key points in writing libraries to make programs seem more clear and easier to understand for its beginner users. The following points should be followed when writing a library for Arduino.
 
When writing a library for an Arduino program, there should be two files: a header file with the “.h” extension, and a source file with a “.cpp” extension. Within the header file, the definitions to the library can be found, while the source file contains code. 
 
Keep the end user in mind and assume that they have not been exposed to programming frequently. Think of which functions and variables you will use before coding. 
 
Try to avoid misrepresenting models. For example, if a function is constrained to specific parameters, using an int will imply that it can take any values that the user wants. 
 
The functions available to the user should be easy to understand. Once again, the user should be kept in mind and the functions should do most of the work within the library. For example, within Adafruit’s BMP085 library there is a function called readPressure() which takes care of all calculations within the library. As stated by Arduino, “the library wraps this commonly executed series of functions into a high-level single command which returns the value the user's looking for in a format she expects. It abstracts away not only the low-level I2C commands, but also the mid-level temperature and pressure calculations, while still offering those mid-level functions as public functions for those who want them” (“API Style Guide”). 
 
· Use terms that are widely understood. By using everyday words and terms the user will get an understanding of what the variables should contain, or what functions should do. 

· Avoid words that might be confusing and have double meanings. For example, if the programmer says that the program contains a logic error, an inexperienced end user might think that the program is bad. 

· If using a technical term in a function describe what it does by writing a comment before the function. 

· Use comments throughout the code as much as possible.

· Use libraries that are already available.

· Do not use underscores in function names. If the function consists of multiple words, keep the first letter lowercase and change the first letters of the following words to uppercase. This is called camel case and can be seen implemented in the analogWrite() function. 

· Boolean arguments should be avoided and instead the function names should point out the differences between them.
 
The last point states that some beginner users are unfamiliar with pointers, and these should be avoided in the program. The Arduino guide states that one way is to pass by reference using array notation rather than * notation (API Style Guide). 
 
In our program for this project, we will attempt to follow through with the points stated above. Doing so will make our code easy to understand and user friendly so that in the future if anyone is interested in pursuing a similar design, they will be able to use some libraries or functions from our program. 
[bookmark: _Toc70341454]5.4.2 Software Details
The concept of our code is fairly simple, but also adds a degree of complexity because the sensors have to provide readings to the MCU and that requires a few extra steps. The explanation of the algorithm for our program will be split into subsections with detailed descriptions of header files and Arduino code that will be uploaded to the Arduino ATmega 2560. At the start of the program, all header files will be declared, as well as any definitions. In the setup function we will declare the baud rate, which in abstract terms, is the speed of the communication in our MCU. Next, the hardware is initialized also within the setup function, this being the IMU. Within the main loop of the code, which will get repeated indefinitely, we collect measurements from the IMU and determine if the motor needs to spin the corresponding reaction wheel. At the end of this loop there is a short delay to give the motor some time to adjust its speed according to the sensor reading. 

These actions will keep being repeated until the satellite is no longer under the effect of an angular velocity. We are also constraining the speed of the motor spin because we do not want the motor to spin faster than the satellite in some cases. 

[bookmark: _Toc70341455]5.4.2.1 Motor Header File

In the C/C++ programming language, the header files that are part of a program have the extension “.h” at the end of their names. Header files contain names of functions and any definitions that will be required by other files within the program. Some programs come with default header files, such as the Arduino “Arduino.h” header file, which contains the standard constants used by this language. Another type of header file is one that can be written by a programmer, which we will be implementing. The name of a header file should provide some sort of clue as to what its functionality is. Our program has a header file called “Motor.h” and as the title suggests, this file will contain all of the names, constructors, and classes that the motor will require to function.  

Within our program, the first file that will be discussed is the motor header file, titled “Motor.h.” This file contains an inclusion of the “Arduino.h” library, as well as the variables that will be used within our program. The following chart describes the variables and functions that the header file contains.

	Name
	Description

	speedPin
	Pin used to output speed (PWM) to motor

	directionPin
	Pin used to control motor spin direction

	speed
	Desired speed of motor

	direction
	Desired direction of motor

	init()
	Initialization function

	Motor(int, int)
	Constructor

	update(float)
	Updates direction and speed of motor


 
This file will be included at the beginning of our program. It is important to note that this file does not contain code but rather the name of the functions and variables that will be used in the program.  

[bookmark: _Toc70341456]5.4.2.2 Motor Source File

A source file has the extension “.cpp” at the end of its name, indicating that its contents are written in the C++ language. These types of files are called source files and they can be used to add functions to a program, or as a standalone program. Within them, one can find more detailed definitions of functions and objects. These files are typically linked to the main source file and are very crucial when writing libraries because they will contain most of the program code. 

The second file needed to complete our library is the “Motor.cpp” source file which contains most of the major code. Here we can find what the contents of the before mentioned functions are and how they are used. 

First, there is a declaration to include the header file. This will make sure that all of our variables are valid. A constructor class is declared that lets us specify the motor speed pin and direction pin. Next, the initialization function “init()” is defined. This function sets the pin modes and initializes the speed and direction variables to zero. 

The following function is the update function, which determines and adjusts the speed and direction of the motor according to the sensor reading that is being transmitted to the MCU. If the satellite spins in one direction, this function gradually increases the speed of the motor in the opposite direction until it is no longer required because the satellite is no longer spinning. This happens once per iteration. Within this function we also specify the range of speed that the motor can take, since we do not want it spinning too fast, or too slow in one direction or the other. 

[bookmark: _Toc70341457]5.4.2.3 Algorithm

Using the above files, we can implement them into our main code. When coding in Arduino, the main program gets split into two parts: the setup and the loop. The setup portion only gets executed once, at the start of the program. The loop portion behaves like a while() loop, except that in Arduino, this loop will execute whatever code is inside for as long as the device is turned on. 

The setup() contains the following algorithm:
· Start
· Declare Baud rate for serial communication
· Declare output pins
· Write a digital HIGH to these pins
· Initialize bmx160 module
· Proceed to loop()

Once the above code is done, the loop() function will execute for the remaining of the time. Here is the algorithm for the loop():
· Start
· Declare magnetic, acceleration, and gyroscope variables.
· Obtain data from bmx160.
· Update motor
· If angular velocity less than zero:
· Increase speed in opposite direction.
· Else:
· Decrease speed.
· Make sure that speed is within acceptable range.
· Wait a short delay.
· Repeat from the beginning.
[bookmark: _Toc70341458]5.4.3 Flow Chart
A graphical representation always aids in a better visualization of a program. In this case, a programming flowchart was created to further the understanding of how our program works. There a lot of benefits of using flowcharts, but there are also a few drawbacks.

The following benefits arise when using a programming flowchart:

· They are time efficient because they serve as a blueprint when designing a program. 
· They help with the understanding of the logic behind the program. 
· Flowcharts make it easier to debug a program, because we can see each stage and better determine where something might have gone wrong. 
· They can be easily modified when changes are implemented. 

These drawbacks can also exist in the flowcharts:

· When the program has a high degree of complexity, designing a program flowchart may be a difficult task. 
· There may be stages in the flowchart that are confusing, because they do not include a lot of details. 

That being said, the flowchart contains symbols that have different meanings. The lines serve as connectors, representing a flow or existing relationship between steps. The start/stop symbols are always present and indicate where the program begins and where it ends. They are represented with a curved-edge rectangle. The input/output symbols indicate places where the program takes inputs and gives outputs, in the shape of a parallelogram. When data is being processes, a rectangle indicates this step. A decision step is when a program needs to choose between true or false and is represented by a diamond. Finally, when a delay exists, this is represented by a rectangle with a curved edge on one side. 

Our program’s algorithm is represented on the following charts. The first one is the setup function. This function has already been defined in the previous section and will execute as follows: 
[bookmark: _Hlk69327619]
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Figure 58: Flow chart for setup function
Next, we have the overall program flowchart.  
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Figure 59: Program Flow Chart
[bookmark: _Toc70341459]5.4.4 Future Alternate Features

There are many other features that could be added to our program in a future revision of this project. We have thought of adding some of these features to our current project, but this will prove to be time consuming, and they are not required for the main functionality of the ADCS system. Because of this, we have chosen not to implement them in this project, but perhaps in a more intricate version of this project in the future. This section will explore different concepts that our TubeSat ADCS could implement if there was more allotted time and resources to work with. It is important to note that these features are optional, and will not make it to our final design, but they are worth mentioning. 

[bookmark: _Toc70341460]5.4.4.1 Photography

One of the early ideas when we were brainstorming features to add to our TubeSat was to include a camera that would periodically take photos of the Earth as the satellite was navigating around its orbit. If this were to be implemented, we would need a camera that does not consume a large amount of power, which would mean sacrificing some resolution. Also, because of the payload size constraint, the camera should not occupy a large amount of space within the body of the TubeSat. 

[image: Gecko2]
Figure 60: Example of a nanosatellite camera
To determine the positioning of the camera with respect to the Earth, we would need to add additional code that will work in conjunction with the bmx160 module. Based on the readings obtained from the IMU, the microcontroller will have to perform calculations to determine if the camera is in the right position to take a picture. We would not want a picture of “nothing” because the satellite is pointing in the wrong direction. Also, within the code, we would want to specify a time interval to take photos. For example, if it is nighttime along the orbit path of the satellite, the picture might be too dark to see, so we would let the MCU know when it would be an appropriate time to take a photo. This could be accomplished by modifying the code and setting a timer. 

To transmit the photo, we would require some sort of image processing to turn the image into bits so that it can be transmitted to Earth. This would be received by our ground station and converted back into the original photo. The process to do this a bit more complicated and requires a higher processing power. 

[bookmark: _Toc70341461]5.4.4.2 Extra Batteries

The TubeSat 2.0 is equipped with a battery that recharged from the solar panels on the satellite. However, let’s assume that all of our components are enabled and working to their full potential, draining a large amount of power. More than likely, the main battery in use will discharge faster than the solar panels can charge it, causing it to die. This could potentially mess up the program flow and cause some malfunction in the ADCS system. To prevent this problem, a backup battery could be installed inside the satellite, that only turns on when needed to supply power to the components. Ideally, the MCU would detect that the main battery is low on charge, turn off some components that are not crucial for the functionality of the ADCS system, and use the backup battery until the main one is charged. Afterwards, the backup battery could be charged by the same solar panels already on the satellite, and this cycle would repeat. 

Having a secondary battery on the TubeSat would limit the number of components that can be on the satellite because we are constrained by a certain weight limit. The battery would have to be small in size, and very light for this idea to work. However, if the TubeSat had a larger space inside and could carry more weight, this idea would work fine. 

[bookmark: _Toc70341462]5.4.4.3 Real Time Sensor Readings

Another idea that our senior design group had was to have the satellite take real-time measurements using on-board sensors. These measurements could range from magnetic field readings to temperature readings. 

The IMU that we are using is already capable of taking magnetic field readings using the magnetometer. We would have to add code to transmit these measurements back to the ground station if we were doing experiments or research that required having the magnetic field of Earth. Although taking magnetic field measurements might be necessary for the current ADCS system to properly orient the satellite, relaying them back to the ground station is not necessary. Having this feature would require some code modification as well. 

Having temperature sensors on the satellite would not affect its current functionality in any way. This would just be an added bonus because our ADCS system does not have a need to detect temperature readings from the lower Earth orbit. Temperature readings would be good to have if we were doing additional research or working with another team studying temperatures on Earth. 

Having both a magnetometer and a temperature sensor on the satellite could be very useful to detect volcanoes. We can detect the change in magnetic field and temperature when the satellite is above a volcano and pinpoint the location based on the current position of the satellite above Earth. Once again, this is a feature that is not currently required by our project but could be interesting to have. 
[bookmark: _Toc70341463]5.4.5 Microcontroller Implementation
The microcontroller responsible for executing our program will be the ATmega 2560 from Atmel, that comes pre-installed in the TubeSat kit. This microcontroller will also have the bmx160 inertial measurement unit attached to it, along with some flash memory and other components that require communication with it. 
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Figure 61: Controller block diagram
Based on this schematic, we can see how the components interact with one another. The IMU will feed the magnetic, acceleration, and gyro readings to the MCU, which will then determine what action to take based on our software. The ATmega 2560 used in the TubeSat is not the typical Arduino Mega 2560 that is widely available for commercial or personal use. This version of the microcontroller runs on 3.3 V at 8 MHz, as opposed to the 5V at 16 MHz version of its Arduino counterpart. This is mainly to optimize power consumption on the whole controller block. What this means in terms of programming, is that the logic levels will be based on 3.3 V, therefore we will have to be very careful that other components are compatible with this logic. For example, the logic HIGH will be 3.3 V maximum. If a component requires a 5 V logic-base, then we will have to feed the 3.3 V output from the microcontroller into a step-up voltage converter and use the 5 V output from the converter as an input to the component in question. 

One alternative to using a step-up converter is to implement a simple converter circuit. The following circuit schematic available from Sparkfun shows how this can be accomplished. The converter consists of a BSS138 transistor, and two 10 kΩ resistors. The left side is used for the low voltage level, and the right side is used for the high voltage level. 
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Figure 62: Logic-converter circuit
Even though this circuit is very small and easy to implement, our group decided to use a step-up voltage regulator instead because of its safety features, such as overcurrent protection. It will work the same way, converting the 3.3 V microcontroller outputs to 5 V so it can be compatible with other modules. 

Even though it runs on 3.3 V, we can still upload the program to the ATmega 2560 that is on the satellite controller block through a regular 5 V USB port. This is made possible by the USB-to-UART converter. Also, because we are using the 3.3 V version of the ATmega 2560, some modification is required before we can begin programming with Arduino IDE. 

First, we must add the correct board to the Arduino IDE. To do so, the board definition file labeled “boards.txt” has to be modified. One can find this file within the Arduino program folders, or by performing a Windows search on the computer. Within this file, there is a section for the Arduino Mega with the following line:
[image: A picture containing box and whisker chart
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This line above will have to be replaced with:
[image: ]

Once that is done, the last modification needed is to add the following lines:
[image: Text, letter
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Incorporating the previous lines of code into the “boards.txt” file will ensure that the 3.3 V-based ATmega 2560 will be recognized as a board by Arduino IDE, and we can start to program it. 
[bookmark: _Toc70341464]5.4.6 Software Testing
The program that we wrote for the microcontroller needs to be tested and checked on the ATmega 2560 before we build our satellite. The testing will be implemented on the Arduino Mega 2560 since it uses the same microprocessor as the one on the TubeSat. However, it is important to note that the testing board is based on 5 V logic and 16 MHz clock which could affect delay and processing times, as stated in section 5.2. What we are focused on here is code functionality; we want to see if the motors are able to spin smoothly as we have in the program.

We have devised a series of steps and plan of action to take when testing our program on the controller board. This will allow us to see where our program fails and where it is successful. Before starting the test, the program must be uploaded from a computer to the Arduino via its USB port connector. 

	Test to Verify Program Functionality

	Check that the Arduino Mega 2560 is disconnected from power. 
	q Checked

	Verify that all the necessary components are properly connected via wires, breadboard pins or on-board pins. 
	q Checked

	Verify that all the ground connections are valid
	q Checked

	Attach a power source to the Arduino development board. (The power source must not violate the input requirements of the development board. Refer to data sheet for acceptable voltage source inputs)
	q Checked

	Ensure that the MCU turns on by checking the green power LED. 
	q ON  q OFF

	If the LED did not come on, check for any loose connections, or faulty equipment. Repeat previous step when finished. 
	

	Using a voltmeter, verify that the output pins are outputting a logic HIGH. (3.3 V for the TubeSat board; 5 V for the Arduino board)
	q Pass q Fail

	Using a voltmeter, verify that the voltage regulator is outputting 5 V. 
	q Pass q Fail

	Using an oscilloscope, measure the PWM frequency from the output pins and verify that it is acceptable based on the motor requirement. 
	q Pass q Fail

	Pick up the development and simulate an angular acceleration around a fixed axis. Verify that the corresponding motor spins in the opposite direction. 
	q Pass q Fail

	Simulate an angular acceleration around a different axis. Verify that the corresponding motor spins in the opposite direction. 
	q Pass q Fail

	Simulate the last angular acceleration around the third axis. Verify that the corresponding motor spins in the opposite direction. 
	q Pass q Fail

	Measure the time that it takes for the system to stabilize
Is this time acceptable?
If NO, some code modification may be needed.
	q Yes q No

	Test for flaws by spinning the satellite at a very low speed.
Did anything undesired occur?
	q Yes q No

	If NO, proceed to next step.  Otherwise, some code modification may be required. 
	

	Test for flaws by spinning the satellite at a very high speed
Did anything undesired occur?
	q Yes q No

	If NO, some code modification may be required. 
	

	Equipment passed all tests
	q Yes q No


  
Once all of the tests have been completed, we can say that the microcontroller is functioning properly, and the program was successful. If any of the measurement tests was a failure, we have to go back to the equipment-under-test and verify that the connections are valid, as well as making sure that there are no defective components. Once we reach the section that requires one to measure the PWM being outputted by the microcontroller, and we measure a frequency that is not at all close to the desired output frequency, this test will fail. If this happens, we cannot proceed to the rest of the tests because the PWM frequency is essentially what will make the motors spin smoothly without any interruptions. This can be fixed by modifying the appropriate variables and or functions within our code. 

If the system passes the PWM test, we are ready to test if the IMU is working properly. The IMU will detect the changes in angular acceleration and should feed this information to the MCU as a value. This value is then used by our program to make the motor spin in the opposite direction of the satellite’s spin. A suggestion for more accurate results is to simulate the real environment as much as possible by hanging our “test satellite” from a fixed point so that it only spins around this axis. We expect to see the motor spinning in the opposite direction until the satellite stabilizes in a smoothly fashion. This step can be repeated around different axes to verify that our program will work when multiple spins are present. 
[bookmark: _weg5j0o1mjcw][bookmark: _uku7hpu0xsi6][bookmark: _Toc70341465][bookmark: _d4m7gn7iklry]6. Overall Integration and System Testing
[bookmark: _Toc70341466]6.1 Overall Integration
[bookmark: _x8b228tv3511]The latest models of Interorbital Systems' (IOS) Personal Satellite packages are the TubeSat 2.0 and CubeSat 2.0. They provide anything required to create a completely functioning nanosatellite, including a microcontroller, a radio, an RF amplifier, solar panels, sensors, and a battery and power management system. These components are necessary to construct a functional satellite capable of interacting with Earth!

In our project, we use TubeSat 2.0. A single board controller, antenna, charger, and power management are all included in our TubeSat. The TubeSat also has an MCU, an ATmega 2560 microcontroller with 2560kB Flash memory, 8Kb SRAM, and 4kB EEPROM-compatible with the Arduino IDE. The system consists of a radio transceiver that can transmit and receive signals with a frequency of up to 433 MHz, as well as an amplifier that can boost the signal to 1.5 W.
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Figure 63 - Kit Overview
The mechanical standards for our TubeSat are as follows: any load inserted should fit in a cylinder that is 120 mm long and 99 mm in diameter. The overall maximum mass of the tube satellite is 0.75Kg. The configuration has three plungers on its bottom end, on a 39mm radius circle from the axis of the cylinder, and 120 degrees apart, and three 6mm diameter 3mm high non-conductive touch surfaces on its top end, on a 39mm radius circle from the axis of the cylinder and 120 degrees apart.

The aluminum strips on the edge, along with the outline of the aluminum rings, are used to complement the two grooves of the TubeSat 2.0 norm. The rectangular holes in it provide access to the deployment switches as well as the charge micro-USB port. The strips can be covered or designed as long as the width is less than 1.6mm and the USB and transfer holes should remain.
 
The TubeSat 2.0 kit has a 90mm outside-diameter icosagon. When the 18 solar panels are connected to its ends, it becomes a 98mm outside-diameter icosagon. The TubeSat lacks an aluminum chassis, unlike all other nanosatellite except IOS' CubeSat 2.0 package. The frame formed by the two inner and outer aluminum rings and the standoffs, as well as the inflexibility of the solar panel PCBs, give it power. The USB port and/or the solar cells may also be used to charge the battery. If the USB port is used, a complete charging of a completely drained unit of cells can take slightly longer than 19 hours. The circuitry on the board would restrict the charging current of the cells to 645mA and avoid charging after 20 hours. Furthermore, the circuitry can recognize when the USB port is attached in order to prevent drawing too much power from it and restrict the current to 500mA. This ensures that we must ensure that the USB port through which we can connect the satellite will provide at least 500mA.The advantages include improved payload volume and mass, as well as a decrease in part count. There are 18 solar panels with 4.46V and 46.7mA each, all of which have been wired to the main board and are charged by three Li-Ion cell batteries with 3.7 V each. Furthermore, the main board is linked to the antenna board, and the main board supplies the payload from two separate busses, Bus A and Bus B, for connectivity between the two different boards.

The antenna module, which, as the name implies, is situated at the very top of the satellite, contains the antenna for all radio contact with the earth. This antenna is constructed from two parts of a spring metal tape measure, resulting in a basic bendable oscillating patch antenna. The antenna is bent when mounted in the rocket, and it deploys passively and immediately when looked down into space. This antenna can have a potential gain of around 2.15dB, putting the satellite's overall power up to 1.5 watts. It is tuned to half the wavelength (λ) of the frequency range, which is about 434MHz range, however for technological purposes, the antenna was trimmed to 0.48 instead of 0.5. The coax connector connects the antenna connector to the main board, and the coax connector is linked with an impendence matching with a transceiver point with a 50-ohm resistor. Impedance matching is the method of modeling an electrical load's input impedance or the output impedance of an adjacent signal source in order to maximize power transfer or reduce signal reflection from the device. The source impedance of a power source, such as an amplifier or radio transmitter, is equivalent to an electrical resistance in series with a wavelength reactive power. Finally, a 70-ohm resistor is used to link the impedance matching to the dipole antenna. A dipole antenna's radiation pattern is omnidirectional. This implies that this form of antenna emits in both directions, which is suitable for most nanosatellites since they are not stabilized nor have a way to point their antenna to a specific location. This is depicted in the illustration below. Also, this radiation pattern is not fully omnidirectional, in which case it will be a sphere. It takes the form of a spheroid along the axis of the dipole antenna in this case. This implies that there is a blind spot in this line; thus, communication would not be possible if the surface antenna is aligned along the exact same axis as the satellite antenna.
 
The Main Board is the satellite's fundamental hub, since it contains many of the tasks used to keep the satellite operational. These are divided into three categories: power, radio, and controller. The microcontroller used is the ATmega2560 from Arduino microcontroller, which is also used in the Arduino Mega. The justification for utilizing this form of controller is to keep the kit convenient, usable, and simple for all to use. To conserve power, the controller operates on 3.3V at 8MHz, as opposed to 5V at 16MHz for an Arduino Mega. It may, however, be implemented due on a standard 5V USB port using a USB-to-UART converter. TubeSat's radio is built on Silicon Labs' Si4464 high-performance, low-current transceiver. It is programmable and interacts with the microcontroller through an SPI communication. There are different options for modulation from (G)FSK, 4(G)FSK, (G)MSK, OOK modulation, and data speeds varying from 100bps to 1Mbps. It is linked to the 1.5W Qorvo RFFM6406 power amplifier. Taking into account the working frequencies of the transceiver and the amplifier, the radio has been engineered and configured to operate in the 433MHz band, making it ideal for experimental satellite radio or research purposes.
 
Following the installation of the main board on the satellite, we will connect our PCB, which will be placed under the main board. Under the main board will be three Lithium cells, which are batteries that are used to power the main board and charge the solar panels. Our PCB will be connected to the main board through the Bus A and Bus B connectors, which are situated on top and bottom sides of the main board, respectively. The pitch of the two bus connectors is 2mm, which is considered non-standard. As a consequence, each bus pin has been routed to a pad on the 2.54mm pitch grid. The white rectangles printed on both sides of the board show these pads. These pads are set out in the same way as the buses.
 
Assembly kit steps:

1. Aluminum ring

In our first step for the kit assembly, we start with the Aluminum ring and we drop the oil for every hole so we can screw them. Aluminum rings are lightweight, very robust, and corrosion resistant. Aluminum has a lower temperature, which necessitates the use of special furnaces during manufacturing. These elements make aluminum rolling rings an excellent alternative for the forms of high-stress applications often used in the defense and aerospace industries. Indeed, fabricated aluminum's low density in comparison to steel allows it an excellent candidate for aerospace applications. As it comes to high-strength, circular cross-section components, rolled ring forging is unrivaled. The corresponding rings are then manufactured to their final size for use in bearings, gears, and seals. Aluminum rolling rings must be rolled at a slower pace under consistent pressure due to its greater malleability than steel. The procedure usually starts with an open-due forging to build a circle shaped ring. The bearings then apply pressure to the post before it reaches the correct wall thickness and height.


 [image: Shape, arrow

Description automatically generated]
Figure 64 - Aluminum Ring Drawing
2. Attach the Antenna Board with the Aluminum Ring

On the We begin screwing the antenna board above the top of the aluminum ring. We use the M3 x 0.5mm screw which is 10 mm long with a M3 steel split lock washer to connect the antenna board with the Aluminum ring. This antenna can have a potential gain of around 2.15dB, putting the satellite's overall power up to 1.5 watts. It is tuned to half the wavelength of the 434MHz range, however for technological purposes, the antenna was trimmed to 0.48 instead of 0.5. The antenna board, as seen in the block diagram below, includes an impedance matching network to restore the antenna's impedance to 50 ohms.

3. Screwing the Solar Panels

The second step we start to break each solar panel that are attached to the next solar panel and we screw the 18 solar panels. TubeSat is equipped with 18 solar panels, which are linked in 9 groups of two. The solar panels will be connected to a current sensor that will send signals to the analog digital converter. IOS chose to use industrial grade solar cells on the solar panels to minimize costs while increasing power, when some of their customers claimed that the space-grade cells arrived damaged or were too weak to manage. The. At peak capacity, any of these solar panels will generate up to 4.46V with a power of 196mW. It is anticipated that only four solar panels will be capable of generating electricity. Since there is no sunshine accessible at that period, the satellite can only depend on its batteries. Given their angle to the light, half of the total output of these plates, or 392mW, can be anticipated. It can also be noted that a portion of the orbit is in the shadow of the Earth. The regular IOS TubeSat 310km circular polar orbit should last approximately 90 minutes, with 38 minutes spent in darkness. 
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Figure 65 - Solar Panel Assembly

4. Screwing the Solar Panels

The Main Board, as mentioned earlier in this paper, is the central center of the satellite, as it contains many of the functions required to keep the satellite up and running.  To power up the controller, 3.3 V will be supplied, and the controller will communicate with the radio through SPI communication, receiving a feedback from the radio. The lithium cells will be connected to the Li-Ion battery charger which will be connected to the current sensor which is the charger input current that will be linked with the analog digital converter. 
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Figure 66 - Lithium Battery Assembly
5. Screwing the Solar Panels

We will screw the main board with the printed circuit board with three 10 mm long male and female stand off from the top of the main board and from the bottom of the main board we will use 20 mm three long male and female standoff to attach the main board with our designed printed circuit board. Our designed printed circuit board conations three step-up voltage regulator to power up the three motor controllers. The voltage regulator will boost our input voltage from 3.3 V to 5 V and that is what we need to power up the motor controller. Each motor controller is linked to a motor with three wires to control each phase to rotate 360 degrees. The motors will be attached on the bottom of the printed circuit board. The main board will be linked with the printed circuit board by using Bus A connector and Bus B connector.
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Figure 67 - PCB Assembly
6. Build the stand for the satellite

We build the satellite stand by connecting three 20 mm long strips from the bottom of the printed circuit board to the end board. After connecting the main board, antenna, and printed circuit board, we begin constructing the satellite stand.
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Figure 68 - Standoff Description
7. Connect the satellite stand to the end board.

In our satellite, the end-board has no other function than to close the bottom end and add power. As a result, we will remove it and substitute it with our own PCB, which could be used in your payload experiment. As we can see in the figure below the last step will be to solder the two wires 22 gauge minimum to the solar panel. The wires must be linked from the back and the solder points be on the front panel. Finally, we solder the other end of the two wires to the solder pads on the main board. After we solder the wires, the final step will be to close each solar panel with two 4mm long flat heads. 
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Figure 69 - Final Assembly Outline
[bookmark: _Toc70341467]6.2 System Testing
This phase of the project is arguably one of the most important. During system testing, all aspects of the project must come together and work properly. In the previous section, it was discussed how the ADCS will be integrated into the TubeSat. For system testing, the team will be doing a partial integration. This is decided because not all the TubeSat components are required during the testing phase. In this section, all plans for system testing will be discussed and implemented in the final stage of this project.

The first step in testing will take place once the PCB has finished going through the manufacture process. The manufacture process consists of fabricating the PCB from the board house and soldering components. Once this is complete, the PCB will need to be connected on the different pins to insure operability. The first pins to be connected are pins 1 and 3 on Bus A. Pin 1 will be connected to the 3V3 pin and pin 3 will be connected to the GND pin on the Arduino Mega2560. Once the Arduino Mega2560 is powered on, a voltmeter will be used to confirm the voltages at all nine of the test pads on the PCB. Now that voltages are confirmed, a BLDC motor will be connected to each X, Y, and Z motor controller test points for operability. After the successful startup of the BLDC motor, PWM, digital, and analog functions will be tested. 

For the X-axis motor controller, pin 21 on Bus A will be connected to pin 46 of the Arduino Mega2560. A simple PWM ramp up program will be executed and witnessed running accordingly on the BLDC motor connected to the PCB. Next, pin 31 on Bus B will be connected to pin 15 of the Arduino Mega2560. A program sequencing between HIGH and LOW will be executed in order to test the direction of the BLDC motor. Finally, pin 11 on Bus B will be connected to pin 12 of the Arduino Mega2560. A program reading the analog signal from the PCB will determine the angular velocity of the Reaction Wheel. The X-axis is then successfully tested and checked out.

For the Y-axis motor controller, pin 22 on Bus A will be connected to pin 45 of the Arduino Mega2560. A simple PWM ramp up program will be executed and witnessed running accordingly on the BLDC motor connected to the PCB. Next, pin 32 on Bus B will be connected to pin 30 of the Arduino Mega2560. A program sequencing between HIGH and LOW will be executed in order to test the direction of the BLDC motor. Finally, pin 12 on Bus B will be connected to pin 13 of the Arduino Mega2560. A program reading the analog signal from the PCB will determine the angular velocity of the Reaction Wheel. The Y-axis is then successfully tested and checked out.

For the Z-axis motor controller, pin 23 on Bus A will be connected to pin 44 of the Arduino Mega2560. A simple PWM ramp up program will be executed and witnessed running accordingly on the BLDC motor connected to the PCB. Next, pin 33 on Bus B will be connected to pin 40 of the Arduino Mega2560. A program sequencing between HIGH and LOW will be executed in order to test the direction of the BLDC motor. Finally, pin 13 on Bus B will be connected to pin 14 of the Arduino Mega2560. A program reading the analog signal from the PCB will determine the angular velocity of the Reaction Wheel. The Z-axis is then successfully tested and checked out.

Now that all the different axes have been tested and checked out, the three BLDC motors will be soldered to the corresponding motor controller test points. The BLDC motors will also be fit into the ADCS Mounting Structure and epoxied to the bottom end of the ADCS PCB. The PCB is now ready for test integration. Test integration will consist of the TubeSat Main Board and the ADCS PCB. These two boards will be fit together using the Samtec board-to-board connectors. Before these two boards are connected, three 18650 Lithium-Ion Batteries will need to be fully charged and fit into the battery clips on the bottom side of the TubeSat Main Board. Now these boards are ready to be fitted together. Once these boards are connected, communication will be possible between the TubeSat Main Board and the ADCS PCB through busses A and B. The two boards will then be fastened together using three 20 mm standoffs and coupled with washers.

In order to perform the stabilization function in orbit, the motors must be tested before launch. Unfortunately, testing all three axes simultaneously in a frictionless environment is just not feasible for this project. So, the team will only be testing the Z-axis motor in the Senior Design demonstration. The Z-axis is the only axis that allows for close to zero friction when it’s suspended off the ground. In order to test the other axis motors before launch, the team will project the X and Y axis motors in the Z direction. For the Z-axis test, the boards will be suspended by a Dual Ball Bearing Hub. One of the sides of the Hub will be screwed to a ceiling beam. The other side will be connected to the TubeSat Main Board via lightweight nylon wire. Three nylon wires of equal length will be attached to the three 20 mm standoffs and connected to the Dual Ball Bearing Hub. The Dual Ball Bearing Hub provides suspension as well as continuous rotation with near zero friction coefficients.

Once suspended, the TubeSat will be uploaded with a program, which is described in the Software Testing section of this report, via the micro-USB connector. The system will be tested by adding angular momentum to the static body. The IMU will sense and record this change in angular velocity and tell the program that it needs to react in such a way to stabilize. A successful stabilization of the Z-axis Reaction Wheel after angular momentum has been added to the system will confirm checkout.
[bookmark: _bjwzldr6laee]
The following table summarizes the testing that we will be demonstrating by following Acceptance Testing Checklist.

	Acceptance Test
	Benchmark
	Checklist

	Z-axis Rotation Test
	Rotate the payload to add angular momentum. Then see reaction wheel stop the Satellite from rotating on the defined axis.
	q Pass q Fail

	Electrical Test
	Verify the voltage from before and after the voltage regulator
	q Pass q Fail

	Weight Limit Test
	Verify that payload is under 300grams
	q Pass q Fail

	Size Limit test
	Verify that there are no extruding areas in the payload
	q Pass q Fail




[bookmark: _Toc70341468]7. Administrative Content
[bookmark: _ewf7eflc7ql0]
[bookmark: _b7vk56690cxp]This section of the document will show the inner workings of the project team, its members’ responsibilities and involvements, and how the project was controlled. Overall, we were using a PMP approach to managing the project in terms of schedule, budget, communication, meetings, managing risk, procurement activities, and project reviews. 
[bookmark: _xpujoilx89h1][bookmark: _Toc70341469]7.1 Project Kickoff
Our project kickoff was held on December 21st, 2020, where the preliminary action items, information, requirements, and expectations were discussed and recorded in the Office Planner application. The tasks that were recorded during the kickoff were periodically updated by each member as tasks were completed. A summary of the 91 tasks that were created and recorded can be shown in the image below. 

The tasks that have been completed are in green and this is the progress as of March 23rd, 2021.
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[bookmark: _xsytwv2qar16][bookmark: _Toc70341470]7.2 Team Member Responsibilities
Each team member was responsible for fully managing the scope of each of the particular units demonstrated in the figure below. In order to make final decisions, which would result in the release of the funds for procurement, a meeting would be held, and a consensus would be needed to begin procurement.

Each team member is also responsible for the information required to meet with procurement due dates and the class deliverables. This is an updated responsibility chart with the updated status of each item as of April 25th, 2021. The changes in role responsibilities started forming in order to keep like-systems in the responsibility of the same owner. This allowed for easier information transfer and compatibility.
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[bookmark: _z4k2thukmgaq][bookmark: _Toc70341471]7.3 Project Schedule
Using Primavera (P6), an industry used scheduling software, a monthly updated schedule was generated and issued to each of the team members in order to show progress, priority of activities, and upcoming milestones. 

This project schedule was generated in coordination with the Office Planner activities that were set in order to match initial Project Kickoff discussions, in addition to further detailed activities. The project schedule included prerequisites for procurement, a prototype period, a final product construction period, spare part ordering, assignments due related to the project, and highlighted major milestones. 

We organized a 15day float period for the final tested product in case of any setbacks. A level 2 schedule can be seen in the figure below, whereas of March 23rd, 2021, we were on track.

[image: ] 
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[bookmark: _oyn1rl1mywb0][bookmark: _Toc70341472]7.4 Project Budget
At the beginning of the project, we estimated the project budget that would be required to finish the project. The total estimated amount with the Interorbital Systems’ TubeSat kit would be $6,577.37. The project would be responsible for all of the costs excluding the kit price of $5,620.60. After cost reductions by comparing suppliers, finalizing part selection, and cost optimization our total remaining estimated costs were reduced to $749.49. In addition, we applied to the NASA FSGC grant for senior design projects to receive additional funding and have been accepted with the help of our project advisor Dr. Kurt Stresau. The funds that were received from the NASA FSGC grant are controlled by UCF faculty and we need to provide proof of purchase in the form of an invoice in order to procure parts. More information of the procurement process can be found in section 7.5. 

The project budget was controlled by all members of the project team. In order to purchase any part, a consensus was necessary for both the prototype and the final part. A monthly budget review was held in order to update the balance sheet and update the costs to-date of the project and the projection of future expenditures. This budgetary review included two additional scopes that the project is not responsible for which are the cost of the IOS TubeSat kit and the cost of launch. With the cost of the launch, additional efforts including conversations of potential financing from Interorbital Systems were held. Even though this is an additional measure that is not included in the objectives of the project, it is something we are following-up on as the funding from Interorbital Systems is dependent on our success with the ADCS on their TubeSat kit. If obtained, we would then turn over the funding to the Collegiate Space Foundation club to take over launch.
[bookmark: _ssda83waf29z][bookmark: _Toc70341473]7.5 Project Procurement
Procurement was simplified to a 3-step process, when making purchases with the project’s personal budget. The first step was for the team member who is managing the scope of the project to call a procurement meeting. The second step was to explain the reasoning on why that part would be the best part for our mission and project, while in addition to responding to inquiries from the other team members. This was meant to be an open discussion in order for both the team members to understand the technology being purchased, and to double check that our constraints were taken into account and engineering specifications were being met. The third step was the ordering of the part to our project construction location, where every part was ordered to. After procurement the invoice/receipt would be stored in the “Budget” folder in our project drive in order to update the balance sheet in our monthly meetings.
[bookmark: _semqmwl30kdt][bookmark: _Toc70341474]7.6 Project Environmental, Health, and Safety (EHS)
During our project we were subject to an additional EHS consideration which was COVID-19. Due to this, the Department of Health not only disincentivized meeting in person, but it also complicated meeting up “after class” like many other senior design projects would do in the past. In order to mitigate these impacts, we set up “after class” zoom meetings on Tuesdays every other week to substitute in-person meetings. When putting together and testing prototypes we did a mixture of things. When the part arrived, we used zoom to call, with one of the project members doing the initial testing on a breadboard and a camera. 

After we had procured all the materials to set up a large part of the project, we would meet up wearing masks to solder, wire, and other physical activities that our project required. For example, when we had the motor, motor driver, and reaction wheel, we got together to run tests on the reaction wheel. In addition, we followed OSHA safety standards with our designated safety representative (Daniel Cadena) present at all electromechanical works. Our safety representative has completed the OSHA certification course in order to responsibly guide the works with minimal exposure for injury.
[bookmark: _ki317jjvlek8][bookmark: _Toc70341475]7.7 Project Risk Management
The biggest risks identified in the project are going over-budget due to unplanned costs and keeping the project deadline. Starting with budget overruns, there are multiple root causes for why we would go over-budget. 

The first being that this is a first time-technology venture when it comes to the application of reaction wheels as an ADCS to a TubeSat. This comes with inherent risks like needing additional and/or unplanned parts. A lack of experience with satellite engineering also comes with the risk of missing a requirement that would lead to a part not being used due to compatibility issues. We manage this risk by employing the procurement strategy explained in section 7.4 and having compiled all of the project’s constraints the first week of the project. This prevented a great number of potential mistakes that could have been made, and even reduced our estimated budget at the beginning of the project by $125.29 to date. 

The second risk has to do with the project deadlines. Due to this project being tied to a Senior Design class, we have an immovable deadline. The risk to this is the amount of material we need to procure with long lead times. Since our project requires very specific dimensions, weights, and materials, a lot of our biggest designs have a much larger lead-time than what we are able to buy in-store or make ourselves. We have managed the risk in two ways, we prioritized the procurement of all equipment before Senior Design 1 ends, in addition to prototype procurement and testing by March. The second way was to program our internal schedule with a 15-day float, in order to be able to make sure we meet the deadline ahead of time.

The third risk is for unplanned shortages of materials. In this project we experienced unavailable parts when creating our PCB. The issue is that due to COVID-19, many manufacturers are experiencing stoppages of work or shortages due to productivity decreases. This was realized, when the lead time for the voltage regulator was increased from almost always being in-stock to 35 weeks. This presented an un-planned risk where the procurement of the part either needed to be expedited or the part selection would have to be amended. In the end, we decided to go with the second-best part due to the fact that we were unable to expedite the part that we originally wanted.
[bookmark: _1r9zzf3cy051][bookmark: _Toc70341476]7.8 Lessons Learned
Like most projects, this project has lessons learned that we would implement in the future in order to reduce mistakes, costs, time spent, re-engineering, and even simplify our decision-making process. 

The first lessons learned would have to come from the motor driver. Since using a motor driver is a new technology for the team, but the concept is familiar, we did not think that finding a motor driver would be challenging. In fact, the first parts we ordered to test, and prototype were the motor and the motor driver. What we did not take into consideration is that some motor drivers come with their own proprietary software that you would have to buy and then integrate into the system you are using. This not only cost us a significant amount of troubleshooting, as our first instinct was to verify that our test code was correct. But it also wasted the money we spent on the test motor and motor driver. 

The second lessons learned would be that we should fund our expected costs at the beginning of the project. This is to say, that since our expected budget was around $750.00, we should have split it in four and funded our budget all at once instead of multiple transactions as they were necessary. This did not present any delays in ordering, but if we had to wait for all members to contribute in order to place the order, we would have faced significant delays.

The final lessons learned is that when we are sure that we are going to move forward with a prototype, order all the quantities necessary and even an extra one or two depending on the cost. We found that we were spending a disproportionate amount of money on shipping costs, when we could have been saving money consolidating shipments into one large order. Unfortunately, most of our parts were from different vendors and were not available on large markets like Amazon, but we could have saved money on bulk orders. 


[bookmark: _Toc70341477]8. Conclusion
[bookmark: _ikk9rrcw50lp]Overall, this project proved to be a very challenging and interactive experience that will prove to be very useful in our future careers as electrical engineers. As we approached the final moments of the project, we realized that there were a few obstacles that were faced, as well as unforeseen circumstances. We were able to overcome them as a collective effort while also learning a few lessons. 

One of the challenges was that we faced was selecting an appropriate motor controller. As we found out, having brushless DC motors in our nanosatellite requires a motor controller that is able to output appropriate signals that turn the magnet inside the motor. The first motor controller that was chosen was the MikroE Brushless 4-click, and this was chosen because it possessed all of the features that were desired, but while testing it, we realized it was malfunctioning. Upon a close look at the data sheet, we noticed that this motor controller only worked with 5-volt logic microcontrollers. Since the microcontroller on the TubeSat is based on 3.3-volt logic, this motor controller would not work for this project. Also, this one was harder to implement in our satellite because it requires the purchase of additional software for programming. We were more careful when selecting the next and final motor controller. The TI motor controller was the one that made it to the final product since it was compatible with the parts in the nanosatellite. From this, we learned that before purchasing a product we have to be very careful and review all of the specifications, as well as relevant information.

Another conclusion that we arrived at was that different motor manufacturers choose their own PWM operating frequency. This means that manufacturer X might choose a PWM of 25 kHz for their motor, while manufacturer Y might choose a PWM of 32 kHz. The motor that we bought did not have the PWM frequency information in the data sheet, so when we tried to test them, they were not spinning consistently. We had to contact the manufacturer to give us their chosen PWM operating frequency for this motor. Some modification was later required within the code to output the desired PWM. Once the motor operating PWM frequency was obtained from the manufacturer, we implemented it into the code, and the motor was able to spin as it should. Although frustrating at first, this little issue added some valuable experience because when working in the field as engineers, we often have to contact manufacturers to obtain additional information that is not normally available on product specifications. 

As the project was nearing completion, an unforeseen issue came up that delayed the final stages of our design. At this very moment there is an ongoing shortage of semiconductors in the world, which means that microchip prices have increased, and some electronic parts are not readily available. This affected us directly in the voltage regulator selection since it was not available any longer from the manufacturer. We had to choose another voltage regulator to use in our project and we learned that when things do not go as planned, it is important to have a secondary plan of action.
In conclusion, this project was a very fun and educative experience which taught us many lessons. The developed ADCS system could be improved upon to use on a larger scale satellite or space vehicle. We are hopeful that this project will be successful, and that we could establish ourselves as the first student-run space organization at the University of Central Florida. 
[bookmark: _Toc70341478]8.1 Recommendations
Besides from this project being very valuable to our future engineering professions, we would like to bring forth some recommendations for anyone that is interested in taking on a similar project in the future. The following list was compiled based on the things that we learned from working on this project, and they should not be treated as rules to follow, but rather as suggestions to improve the performance of the final product. 

1) The most important aspect of working in a group is communication. The group members shall decide which communication platform they would like to use before starting any tasks. This platform should be accessible by all of the group members and meetings should be held based on the members’ availabilities. 
2) Set weekly goals. A successful team will set goals every week until the completion of the project. These should also be realistic goals.
3) Seek help when needed. Chances are you might encounter a situation where you do not know how to do something you were assigned to. Asking a team member or an expert for help will be more efficient than trying to figure something out by oneself. They will guide you in the right direction and you will save time by seeking help.
4) When researching parts, always double check their data sheets to verify that they will work with the other components in the project. If a piece of information is missing, reaching out to the manufacturer is highly recommended. 
5) If the project will be used in space, become familiar with the set standards for space vehicles. 
6) The final recommendation is to take on the most difficult tasks at the beginning of the project, this way one is not pressed on time towards the end of the project. 
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