Speed and Distance Sensor for Skiers and Snowboarders
Sponsored by Air Force Research Laboratory

Michigan State University
ECE 480 Design Team Six
Michigan State University

Michael Bekkala
Michael Blair
Michael Carpenter
Matthew Guibord
Abhinav Parvataneni

Dr. Shanker Balasubramaniam

Final Report

December 11th, 2009

[image: image61.wmf]

Executive Summary

The goal of competitive sports is to perform better than the opposition.  Measuring one’s performance can be difficult for skiing and snowboarding, mainly due to lack of repetitive movements, such as those found in other activities like running and cycling.  To overcome this challenge, with the sponsorship of the Air Force Research Laboratory, Design Team Six proposed a lightweight speed and distance sensor based on the integration of a Global Positioning System (GPS) and an inertial navigation system (INS) through Kalman filtering.  

Though integration of a GPS and an INS was a successful failure, Team Six has successfully developed a sensor that will calculate the speed and distance of a skier or snowboarder.  The device can store up to ten runs of data, which can be viewed on the LCD screen of the device.  Serial communication is available, which allows the user to upload their data to a personal computer through a convenient user interface.  The user may then choose to plot the data in Google Earth to review runs, or plot their speed over time for visual analysis.  This solution provides superior accuracy and functionality through a tightly integrated system.
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1. Introduction and Background
In today’s world, where sports are more competitive than ever, the ability to measure and interpret performance data has never been more valuable.  The world was stunned when Michael Phelps overcame Milorad Čavić in the 2009 Olympic 100-meter butterfly by .01 seconds, thus proving, yet again, that every second counts.   The ability to measure speed and distance in sports has become widely available to the public through devices such as Nike+ (used for running), yet few accurate and affordable devices exist for skiers and snowboarders.  There are no wheels or foot movements to base measurements on, and the complex maneuvers required in skiing and snowboarding further complicate calculations. 

In Spring 2008, ECE Design Team 10 developed a sensor making use of solely a Global Positioning System (GPS) to measure speed and distance.  This method of measurement can be inaccurate due to relatively large errors associated with GPS positioning, which only increase with a moving target.  To make matters worse, large errors with GPS measurements are more apparent when travelling over small distances, such as the length of a ski run.  

Design Team Six has developed a speed and distance sensor that integrates an Inertial Navigation System (INS) and a GPS.   The speed and distance sensor obtains measurements from each system and filters the results using a Kalman filter.  This lowers the error of the overall system and delivers more accurate speed and distance measurements than its predecessor.    
2.  Solution Space and Specific Approach
2.1. Design Specifications and Objectives

In designing the speed and distance sensor, the following design specifications were provided by the sponsor:
· Functionality

· Data Storage/Data Transfer

· The user must be able to store and retrieve meaningful data for future review.
· Operate in subzero temperatures (-10⁰F)

· Measurements

· Speed/Distance/Position

· The device must record peak speed and distance every minute for at least ten minutes.

· Accuracy (Long and Short Term)

· The device must be accurate and provide useful results.
· Power

· Battery Life

· The device must have a battery life of at least two hours.
· Safety

· Device display turns off while user is skiing or snowboarding
· Device weighs less than 2 lbs
· Does not interfere with or distract the user
· Cost

· Less than $500.00 for production
2.2. FAST Diagram
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Figure 1:  Speed and Distance Sensor FAST Diagram
The FAST diagram for the speed and distance sensor is shown in Figure 1.  In order to display performance data, the data must be stored in memory, filtered, and the Liquid Crystal Display (LCD) must be updated.  Before data can be stored, data must be acquired from the GPS and INS.  Data is stored and filtered after position and speed measurements are acquired from GPS, and also after speed, position, and direction is determined from the INS.  The GPS measurements are received by satellite and the INS measurements are retrieved by an analog to digital converter (ADC).  The INS measurements must be processed into accelerations, velocities, and distances through software.
2.3 Conceptual Design Descriptions

2.3.1. GPS

The first design that was under consideration was a system that relies entirely on GPS for distance and speed measurements.  A GPS receiver uses signals transmitted from a constellation of satellites orbiting the Earth to triangulate its position and velocity.  The GPS provides latitude, longitude, altitude, and time measurements that can easily be converted into speed and distance measurements for Design Team Six’s application. GPS receivers are relatively cheap and do not require a significant amount of power to operate.  They are easily incorporated into embedded systems and frequently appear in handheld consumer products such as cell phones.

For this application, which requires a significant level of accuracy, GPS alone falls short.  Standard GPS receivers can only produce accuracy and precision within several meters for a static target under ideal conditions.  Accuracy will degrade further if the target is moving or if the target is not in a clear view of the sky.  While GPS receivers capable of centimeter level accuracy exist, they cost well over the budget and therefore are not a viable solution7.

2.3.2. INS 
The next design that was investigated was a system that relies entirely on INS.  An INS, makes use of multi-axis accelerometers and multi-axis gyroscopes, which measure the acceleration in three directions, as well as angular velocity in the pitch, yaw, and roll rotations.  The resulting measurements are then integrated over the time duration of user’s run to calculate their speed, distance, and direction.  This system is fairly accurate over a short period of time.  Due to the need for integration, the results will deteriorate as time increases due to integration error.  Finally, the user will be unable to track his/her position (latitude and longitude) unless an initial position is known4.
2.3.3. GPS/INS 
Combining each of the previous conceptual designs results utilizes the best features of GPS and INS.  Using both systems, the cost will slightly increase, but accuracy and functionality will greatly improve due to the long term reliability of GPS, and short term reliability of the INS.  The GPS is used to initialize the INS, and also to minimize its error.  The INS has the ability to determine erroneous GPS readings.  A Kalman filter will be used to combine the navigational data from both systems and correct error over time for a more accurate result4.  Due to heavy calculations that need to be performed by the Kalman filter, extensive microprocessor programming is required.
2.4. Feasibility Matrix

	Design Criteria
	Weight
	GPS
	INS
	GPS/INS

	Long Term Accuracy
	5
	4
	1
	5

	Short Term Accuracy
	5
	2
	5
	5

	Speed/Distance/Position
	5
	2
	3
	4

	Safety
	4
	5
	5
	5

	Size
	4
	4
	4
	3

	Power
	3
	3
	4
	3

	Cost
	3
	4
	3
	2

	Simplicity
	2
	4
	3
	2

	
	Totals
	105
	108
	121


Table 1: Feasibility Matrix
Table 1 shows the rankings of initial design concepts through a feasibility matrix.  Design team Six has concluded that accuracy (long term and short term), along with speed and distance measurements, were the most important design criteria.  Each criterion was weighted on a scale of one through five, with one being less important, and five being the most important, in relation to the design concept.  Based on the total weight per concept, design team six chose the integration of GPS and INS as the most effective solution to meet all design criteria.
2.5. Implemented Design Solution 
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Figure 2:  Overall System Block Diagram
ECE 480 Design Team Six chose to implement the integration of GPS and INS as shown in Figure 2.  The GPS records the user’s speed and distance in parallel with the INS, which records accelerations and angular velocities from accelerometers and gyroscopes.  The INS uses navigation equations to convert these measurements to speed and distance.  The two systems are then integrated in a filter using estimation methods.  From this filter, a more accurate speed and distance can be determined than if these systems were implemented individually. 
At the end of a run, the user can review their performance, which includes their peak speed, average speed, and total distance for each minute of the run on the LCD.  The user may also delete the run by cycling through an easy-to-use menu.  The sensor can also interface with a personal computer to display data in Google Earth and graph speed over time for a visual review.  This makes for easy interpretation of the data. 
The device is powered using a rechargeable 3.7V lithium-Ion battery.  This battery can be recharged using the included battery charger, which plugs directly into the device and is powered from a standard wall outlet.  This provides an easy and environmentally friendly way to extend the life of the device.  The enclosure is a small, lightweight box that is intended to be mounted behind the boot on a ski or snowboard.
2.6. Initial Budget

	Part
	Cost

	GPS Unit/Antenna
	$80.00

	Accelerometer
	$45.00

	Gyroscope (3)
	$40.00

	Microprocessor (5)
	$25.00

	LCD
	$25.00

	Battery
	$25.00

	Packaging
	$30.00


	Total Cost
	$270.00


Table 2: Initial Budget Estimates
Design Team 6 was presented with an initial budget of $500.00.  Table 2 shows the initial budget estimates.  In order to work effectively in the short developmental time, the team ordered multiple components, such as microprocessors, so work may be done in parallel.  This enabled the team to work on GPS, INS, and LCD development separately, before integrating the complete project.   
2.7. Gantt Chart

Team Six’s Gantt chart has evolved to meet the team’s needs throughout the project.  At the beginning of the semester, there were two days of slack time, but this quickly disappeared when the team ran into its first snag.  The PIC32 microcontrollers, ordered online and soldered at the MSU ECE shop, did not work properly; this meant the team was unable to begin programming.  In response, team six spent several days trying to debug this critical issue that took the team off track.  When it was agreed too much time was being spent debugging the PIC32, new microcontrollers from the dspic30 family was ordered as a replacement.  Later on in the semester, they found that the fault with the PIC32s was due to a faulty soldering job.  Had Design Team Six not ran into so much delay setting up the microprocessor in the beginning, such a drastic Gantt chart change wouldn’t have been needed.  Team Six had to scramble late in the semester to move forward and develop a working product.  See Appendix 6.3.   

3.  Technical Description
3.1. Microprocessor, PC communication, Flash Memory, & Software Configuration
Below is a list of the hardware used to develop the speed and distance sensor:  
· dsPIC30f6012a Microprocessor

· MAX3223IDWR 3.3V Transistor-Transistor Logic Controller 
· SST25VF016B Flash Memory

The overall configuration of the microprocessor is shown in Appendix 6.5.  All code used to configure GPS, INS, and the Kalman filter is implemented using the microprocessor, as well as data storage and PC interfacing.  Originally, a PIC32 was chosen because it featured USB capability.  The speed and distance sensor was intended to be able to connect through USB to a personal computer.  However, through several days of testing, Design Team Six was never able to get the microprocessor to work.  This was later found to be faulty soldering connections from the ECE shop, since the pins on the microprocessor were small and had to connect to a breakout board in order to be used.  A dsPIC30f4013, with a dual in-line package, was then used for packaging convenience.  It was later found that this chip did not have enough Random Access Memory (RAM) to handle the extensive code required by this project.  To resolve this issue, Design Team Six upgraded to a dsPIC30f6012a.  This was beneficial because it was within the same dsPic family, so the code was easily transferable.  This microprocessor proved sufficient and was used in the final design.
The change from the PIC32 to dsPIC30 family, as previously discussed, caused the loss of USB functionality.  To compensate, a serial connection was chosen to interface with a personal computer.  Once “Upload Data” is selected from the device’s LCD menu, an interrupt is triggered and the device is set to wait for a synchronization protocol from the computer.  This is done by the user selecting “connect” on a personal computer in a Visual Studio program created by Design Team Six.  
Once the computer is connected, GPS data, as well as peak speed, average speed, distance, and displacement from all ten trials, are all transferred to the computer.  The recorded positional data is processed into a Keyhole Markup Language (KML) file, which is supported by Google Earth.  In Google Earth, each run has its own folder.  The description of each folder displays the peak speed, average speed, distance, and displacement, and also will contain each point recorded from GPS during the run.  Figure 3 shows the PC interface.  The user also has the option to plot this data directly into a graph within the custom software to view their speed over time.  
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Figure 3:  PC Interface
In order to allow the extensive functionality mentioned above, the device has the capability to store up to 2 Megabytes of non-volatile flash memory.  This flash memory has been implemented via a Serial Peripheral Interface, which is an industry standard bus.  Originally, a flash chip was chosen that supports an advanced quad SPI mode of communication.  After extensive trial and error, this chip proved to be incompatible with the hardware configuration of the device.  To overcome this unexpected result, theSST25VF016B flash chip was chosen, which supports standard SPI communication.  To interface this memory with the rest of the system, a memory driver file had to be written to track memory locations and other vital information.
3.2. LCD Interface
The LCD used is listed below:

· LCD-09052 White on black LCD 3.3V 

In order to easily display the user’s results and perform all device functions, an LCD was used to display a menu.  The menu allows the user to calibrate the accelerometers and gyroscopes, choose which mode (GPS or GPS and INS), to communicate through serial with a PC, view previous and current results, and start run.  Using structs, each menu was created in the following form:


struct Menu_Options{



short Next;



short Prev;



short Parent;



short Child;

short Mode; 


char* First;



char* Second;



unsigned short num_options;



int curr_option;



char** options;

};

Menu[0].Next = 1;



Menu[0].Prev = 5;



Menu[0].Parent = -1;



Menu[0].Child = -1;



Menu[0].Mode = 0;



Menu[0].First = "Start Run";



Menu[0].Second ="<Prev  Ok  Next>";
This menu indicates that if the “next” button is selected, the menu will change to menu 1.  If the “previous” button is selected, it will change to menu 5.  The -1 in parent and child means that there are no submenus, and that the current menu is not a submenu.  “First” and “Second” indicate the line that the label is displayed.  The “num_options” and “curr_options” members are used in the submenus.  These indicate how many options are in the submenu, and also which option is curently selected.  In order to enable the buttons to work with menu selection, port G of the microprocessor was utilized by configuring 5 of the bits as inputs.  Each input is set to high (3.3 volts), and when the button is pressed, the bit is shorted to ground and goes low.  The code for a button push is as follows:

if(PORTGbits.RG12 == 0) { //right



Next();}   

Where Next() is defined as:
void Next(){



curr_menu = Menu[curr_menu].Next;



Menu_Change();

}

This indicates that when the “next” button is pressed, the program calls the next function, which will take the current menu and set it equal to whatever menu is defined as Menu.Next.  Each button (up, down, left, right, and okay) operates in a similar way.  The okay button is used to access a menu, while the left (back) button is used to return to the previous menu.  

Functions were also created to intialize the LCD and turn off the LCD.  When the device is powered on, the LCD automatically turns on.  Once the “Start Run” menu option is selected, the LCD will turn off until the user presses the okay button again to signify the end of the run.  At that point, the LCD will turn back on and the user can scroll through the menu to see their results.  Figure 4 shows the opening menu displayed on the LCD screen.  See Appendix 6.4.
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Figure 4:  LCD Menu


3.3. Power Management

Below is a list of the hardware used in power management:
· PRT-08483 3.7V Rechargeable Polymer Lithium Ion Battery

· 3PL0504 3.7V Lithium-Ion/Polymer Battery Charger
· LF33ABV 3.3V Voltage Regulator

The lithium-Ion battery was chosen because it is rechargeable and prevents the user from having to open the device and replace batteries.  It also has an excellent long-term self-discharge rate and can operate in very cold temperatures.  The battery can be charged using a battery charger that connects from a standard wall outlet directly to the device through a convenient barrel plug.  All components in the speed and distance sensor operate at 3.3 volts, thus the 3.7 volt, 2000mAh battery was chosen.
The LF33ABV voltage regulator is used to reduce the battery voltage from 3.7 volts to 3.3 volts.  This voltage regulator was chosen because it has low dropout voltage of 0.45 volts, which makes this suitable for the battery powered device.  The voltage from the regulator will not drop low enough (unless the battery needs to be recharged) to cause components in the device to malfunction.
3.4. Global Positioning System

3.4.1. GPS Hardware

Below is a list of the hardware used to provide GPS functionality:  

· Venus634FLP GPS Receiver with SMA connector
·  VTGPSIA-3 GPS Antenna Embedded SMA 
The Venus GPS with SMA connector was chosen for its refresh rate, 3.3V supply, support of 3.3V Transistor – Transistor Logic (TTL) Universal Asynchronous Receiver-Transmitter (UART), 28ma current draw while active, support of Wide Area Augmented System (WAAS), and accuracy of <2.5 meters.  This chip was originally a ball and grid package, but was ordered on a breakout board.  This allowed Design Team Six to access this powerful chip in an easy to use package.
To provide the best signal possible in a small package and avoid multi-path error, an active antenna solution was chosen.  The antenna connects to the GPS via the SMA connector for ease of use and provides a 26dB gain.  While this antenna draws up to 12mA of extra current to provide the 26dB gain, it was imperative to provide a strong signal at all times.  This ensures a more accurate system because if the GPS loses satellite lock, system accuracy decreases until the GPS is able to regain a satellite lock.
A.  Basic Circuit Connections 
In addition to the basic power connections needed for the GPS receiver, the microprocessor, and/or a crystal (please refer to the appropriate data sheets for this information), two connections need to be made for serial communication via UART between the receiver and the microprocessor. The TX pin on the receiver needs to connect to the U1RX pin on the microprocessor, and the RX pin on the receiver needs to connect to the U1TX pin on the microprocessor. This is shown in Figure 5 below. (Note: The U2TX and U2RX pins could be used as well).
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Figure 5: GPS Hardware Configuration

3.4.2. GPS Software
For serial UART communications between the microprocessor and the GPS receiver, the microprocessor needs to be configured for UART communication.  The GPS receiver is already configured for UART communications and requires no external programming or set up to enable.
A.  Configuring the UART

The dsPIC30f6012a has several control registers that configure its UART operation.  These registers must be properly set for UART to function properly.
U1MODE:  UART Mode Register

The U1MODE register contains several important bits to enable the U1RX and U1TX lines to receive and transmit bits and is set as follows:
UARTEN:  UART Enable bit


1 = UART is enabled.


0 = UART is disabled.

PDSEL<1:0>:  Parity and Data Selection Bits

11 = 9-bit data, no parity.

10 = 8-bit data, odd parity.

01 = 8-bit data, even parity.

00 = 8-bit data, no parity.

The configuration of these two bits depends on the GPS in use.  The Venus634FLPx GPS receiver uses 8-bit communication with no parity, so a value of 00 is set.
STSEL:  Stop Selection bit

1 = 2 Stop bits.

0 = 1 Stop bit.

The Venus uses only one stop bit, so this bit is set to 0.

The remaining bits in this register remain at their default values.
U1BRG Register

The U1BRG register is the UART baud rate generator.  This control register determines the baud rate of the communication.  If not set to the proper value, the UART register will fail to receive and transmit messages.  The equation that is used to determine the value that needs to be set is:
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In the equation above, FCY denotes the instruction cycle clock frequency.  This is equal 10MHz for the microprocessor. The Venus receiver has a default baud rate of 9600.
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For the desired baud rate of 9600 and an instruction cycle frequency of 10MHz, the U1BRG register is set to 64 since fractional values cannot be used.  64 in decimal is equal to 40 in hexadecimal, so the U1BRG register is set to 0x0040.


B.  Receiving Messages
In order for the microprocessor to read in and store National Marine Electronics Association (NMEA) messages created by the GPS receiver, the following code can be used:
char c;  //declare a char variabe c 


If(U1STAbits.URXDA){  //check to see if data is ready to be read


c= getcUART1();//grab the next character off the receive buffer

}

The application layer of the NMEA 0183 specification defines a list of requirements each sentence must fulfill to be considered an official NMEA sentence. Each sentence must start with a dollar sign ‘$’ character, followed by five characters defining the device transmitting and the type of sentence being sent.  All data fields must be separated by commas, unusable data must be represented by a NULL field, and the last data field must start with an asterisk ‘*’ followed by a two byte hex value representing the checksum of the sentence.  There is no way to notify the transmitting device to tell it if the sentences are being received but the checksum can be used to validate the integrity of the data.  The three most important NMEA sentences used for the speed and distance sensor are the GGA (Fix Information), VTG (Vector track and Speed over the Ground), and RMC (Recommended minimum data for GPS).  A complete example of the Global Positioning System Fix Data sentence (GGA) is shown in Figure 6.  This sentence is the primary sentence to retrieve complete positional fix data and is the only one that returns altitude.


$GPGGA,123519,4807.038,N,01131.000,E,1,08,0.9,545.4,M,46.9,M,,*47

Where:

     GGA          
Global Positioning System Fix Data

     123519       
Fix taken at 12:35:19 UTC

     4807.038,N   
Latitude 48 deg 07.038' N

     01131.000,E  
Longitude 11 deg 31.000' E

1                    Fix quality: 





0 = invalid

                               

1 = GPS fix (SPS)

                               

2 = DGPS fix

                               

3 = PPS fix





4 = Real Time Kinematic





5 = Float RTK





6 = estimated (dead reckoning)





      (2.3 feature)





7 = Manual input mode





8 = Simulation mode

     08           

Number of satellites being tracked

     0.9          

Horizontal dilution of position

     545.4,M      
Altitude, Meters, above mean sea level

     46.9,M       
Height of geode (mean sea level) above WGS84

             

ellipsoid

     (empty field) 
time in seconds since last DGPS update

     (empty field) 
DGPS station ID number

     *47          

the checksum data, always begins with *

Figure 6:  GGA Sentence
C.  Sentence Parsing
After receiving NMEA sentences, the sentences are parsed into useable data.  Because GPS is communicating via UART, reading is triggered upon a UART receive interrupt which holds the highest priority.  This ensures that the entire GPS messages are read and then stored into an appropriate character array.  This array is then parsed by calling a function titled “parseGPS()”, so that parsing may be done in parallel with other microcontroller operations.
Parsing is accomplished by grabbing data in between comma delimiters defined in the NMEA sentence.  Each piece of data required by the device is then stored in an appropriate character array for use in other functions.  See Appendix 6.4 for parsing code.  
D.  Transmitting Messages

The microprocessor sends commands to the GPS receiver to configure the receivers output, such as types of NMEA messages outputted and refresh rates.  The WriteUART1(0xXX) command transmits a character of data on the UART TX line to the GPS receiver.  For transmitting successive characters of data a wait statement is included between each write statement.  This is because the write statement takes longer to complete than an instruction in the code, so calling write statements repeatedly in succession will result in failed transmissions.  An example code snippet is shown below.

U1STAbits.UTXEN = 1;  //make sure the TX line is enabled

WriteUART1(0xA0);       //transmit the character 0xA0 

while(BusyUART1());    //wait until the first transmission is complete

WriteUART1(0xA1);     //transmit the character 0xA1

while(BusyUART1());  //wait until the previous transmission is complete

WriteUART1(0x00);     //transmit the character 0x00

while(BusyUART1());  //wait until the previous transmission is complete

3.5. Inertial Navigation System
3.5.1. INS Hardware
Below is a list of the hardware used in the INS configuration:
· GPS-09372 Ardupilot Sensor Board 

· ADXL335 3-Axis Accelerometer, +3g

· LISY300AL Gyroscope, Pitch, +300⁰/s
· SEN-09425 Gyro Breakout Board

· LPY5150AL Dual Axis Gyroscope, +1500⁰/s
The ADXL335 accelerometer, LISY300AL gyroscope, and LPY5150 gyroscope are all surface mount components and require excess hardware to properly be configured to output correct readings.  The decision was made to use Sparkfun’s GPS-09372 and SEN-09425 breakout boards.  These boards have sensors and all necessary hardware ready mounted, making for a much easier setup.  They also have built in filtering circuitry, which reduces noise so the bias points are much more stable.    

The accelerometers read acceleration in “g’s” (9.80665 m/s2 is equal to 1 g) in the X, Y, and Z directions.  Each direction of the accelerometer has a scale factor, which is proportional to 1g.  Therefore, the acceleration is proportional to how much the output voltage varies from the bias point.  Gyroscopes function in a similar way.  They read angular velocity in degrees per second in the pitch, roll, and yaw rotations.  The scale factor of the gyroscopes is proportional to 1 degree per second. 
3.5.2. INS Implementation
A.  Navigation Equations

The accelerations and angular velocities measured from the accelerometers and gyroscopes are based upon the body frame of the user.  In order to integrate INS with GPS, the readings from the sensors have to be converted to the navigation frame, or North-East-Down (NED) reference frame.  In this frame, the origin is shared with that of the body frame.  The positive x-axis points north, the positive z-axis points down, and the positive y-axis points east.  This can be accomplished using the direction-cosine matrix (DCM), defined as: 
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where 
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 are defined as the yaw, pitch, and roll of the body, respectively1. To rotate velocities or accelerations from the body to the navigation frame, one would then use 
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where an represents the acceleration or velocity vector in the n-frame1.  GPS measurements are taken in the Earth-Centered Earth-Fixed (ECEF) frame.  Positions in this frame are measured as latitude (
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), longitude (
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), and height (h).  
Since the earth is rotating, and is also an ellipsoid, “navigation equations” must be used to correctly update the distance, velocity, and DCM matrices.  These equations are defined as5:
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In order to make for easier implementation, Design Team Six has used slight variations to these equations.  The most notable difference is the equation for the time derivative of the velocity.  The term
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 can be ignored from the cross product because this term is determined by the rotation rate of the Earth, which is 7.2921158x10-5 rad/s.2  This value is smaller than the resolution of the inexpensive sensors used, thus the error due to the crudeness of the sensors will overshadow the error due to ignoring this term.

A second difference is the time derivate of the DCM from body to navigation frames.  Design Team Six has chosen to use 
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, which is the skew symmetric matrix form of 
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, defined by Rogers5, rather than 
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 is the outputs of the gyroscopes. Since the accelerometers used are inaccurate, 
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where v​X denotes the velocities in the navigation frame.  The term 
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 defines the rotation rate of the navigation frame with respect to the ECEF frame projected into the navigation frame.
M and N as seen in D-1 and 
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 are defined as 5:
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Where a=6378.1370 km and e=0.016710219 and are defined as the semi-major axis and linear eccentricity of the Earth, respectively.

The term 
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f

 is the output of the accelerometers.  At rest, the accelerometers will output the acceleration of gravity (9.80665m/s2 in the negative Z direction).  Thus, acceleration due to gravity can be added back into the time derivative of v in the navigation frame, where 
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 is purely in the down direction5. This will cancel out the force on the mass at rest and thus not affect the use of the accelerometers.
Through these previous assumptions and cancelations, the navigation equations that are used to update the position, velocity, and DCM matrices for the speed and distance sensor are as follows:
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B.  Initialization
In order to correctly implement the inertial navigation system, the system has to be initialized.   As seen in many of the previous equations, Latitude (
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) and height (h) are used in the calculations.  GPS has to first be initialized, and the latitude and height read from GPS are used to calculate M, N, 
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, and D-1.  

The INS needs an initial position so that it can determine where the user is heading.  This can be done using only accelerometers and gyroscopes, but it requires very sensitive and precise equipment.  One such way is to use the rotation of the earth to determine the user’s heading, and the force of gravity to determine their attitude. Unfortunately, precise equipment is very expensive and is often not a feasible solution.

In this application, the yaw will be assumed to be in the north direction, and will be initialized as zero.  The roll and pitch of the user can be estimated by use of gravity, such as2:
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This is assuming that the user is stationary.  One problem with this method is the bias drift of the accelerometers.  It is impossible to know from standalone accelerometers what the drift is, thus this method can only be used to get an estimate.  Once heading, pitch, and roll have been determined, the initial direction-cosine matrix can be calculated to rotate from the body frame to the navigation frame.
C.  Differential Equations

To solve the differential equations presented in the navigation equations, the Euler approximation method can be used. Although more complex estimation methods could be used to improve accuracy and convergence time, these would require more complex computations.  Using the Euler method, the solution of the differential equation:


[image: image35.wmf]))

(

,

(

)

(

t

x

t

f

t

x

=

&


With initial condition
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, can be expressed as:
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where n represents the sample number and T represents the sampling time. This method uses a simple discrete time integration that will fulfill the needed accuracy and computational complexity of the speed and distance sensor. 
3.5.3. INS Software  

In order to read the accelerations and angular velocities from the accelerometers and gyroscopes, analog to digital (ADC) conversion had to be set up on the microcontroller to convert the voltage reading to a usable measurement.  As discussed above, the accelerometers and gyroscopes both have bias voltages.  In the data sheet, the biases and scale factors are stated to be about 1.6 volts and 0.33V/g for the accelerometers.  For the gyroscopes, the biases and scale factors are said to be about 1.2V and 3.3 mV/degree/second.  The supply voltage for the speed and distance sensor is 3.3 volts, and the microprocessor has a 12 bit (4096 bytes) analog to digital converter.  Using this information, the accelerations and angular velocities can be programmed in the form of:
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[image: image40.wmf]
The scale factors for the gyroscopes are based on degrees/second, and since the math library uses radians, the scale factor had to be converted to radians.  After implementing these equations, it was found that the results from the analog to digital conversion were fairly inaccurate.  Ideally, the X, Y, and Z directions of the accelerometers (when stationary) should read 0 m/s2, 0 m/s2, and 9.80665 m/s2, respectively.  When tested, the values read from the ADC would be off by around 0.5 m/s2.  Further testing proved that the bias voltages and scale factors differ for each axis, and also differ in each direction (positive or negative) along the axes.  This is a small drift, but it still throws off the conversion.  Test data can be seen in Chapter 4.  
In order to properly initialize the INS, “calibration” functions had to be created to set the biases for each accelerometer and gyroscope.   To calibrate the accelerometers and gyroscopes, the board is to be positioned so that the acceleration due to earth’s gravity is seen by each axis.  The calibration function essentially averages the voltage levels read from the sensors to find a more accurate bias, and also averages the high and low value to find a more accurate scale factor.  The axes that are calibrated are kept track of, and the menu notifies the user when the device is completely calibrated.  Any outlier readings are negated because the calibration function will restart when one of these values is read.  These calibrated values are stored in memory so that the device does not have to be calibrated for every run.  Figure 7 shows the calibration method for one X direction.  
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Figure 7:  Calibration Method

Figure 8 shows the watch screen from MPLAB after the calibration function has run.  This screen shows the bias voltages and scale factors for the accelerometers and gyroscopes.  These values are stored in memory as the biases so that the user does not need to calibrate the device again.  
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Figure 8:  Accelerometer Bias Drifts
As seen in the previous figure, calibration is complete.  This is known because the variables cal_done_accel and cal_done_gyro are equal to 0x0000, indicating that they have reached 0x01FF (calibration complete), and then have been reset to 0x0000.  The scale for each direction of the accelerometer is shown, as well as the measured biases for the accelerometers and gyroscopes.  The voltage values shown for the acceleration (accel) array and angular velocity (angvel) array are close to the bias points, indicating that the calibration function worked successfully.  Note that accel[2] is about 0.33 volts higher than the bias of Z.  This is because the gravity due to earth is acting on this axis, causing a voltage increase of about 0.33 volts (about 1 g).  
The biases of the accelerometers and gyroscopes, along with the GPS latitude and height, are then used in the initialization function.  After the sensors are initialized, the navigation equations are run and readings are gathered to be used in the Kalman filter.    The main challenge in implementing the navigation equations was the linearization of the matrices in order to make for easier programming.  Since matrix multiplication can become complex, variables were created to perform multiplications that were done frequently.  This made for easier implementation, and saved time so the processor does not have to repeat calculations.  

In order to update the position, velocity, and DCM matrix, the code was written in the form of:
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where dt is the sampling time (10 ms) and X represents position, velocity, or the DCM matrix.  Thus, dt(X) represents the change of X, where the orientation of X is in the navigation (NED) frame.    
3.6. Kalman Filtering 
A Kalman filter is an efficient recursive algorithm used to estimate the state of a noisy system.  When sensor variances are known, the Kalman filter is an effective tool used to reduce the overall error in a system by comparing two different forms of state variable measurement.  Design Team Six decided to implement a Kalman filter in an attempt to reduce the error in speed and distance measurements by combining the INS and GPS solutions.  An overview of the matrices and equations used for the Kalman filter is given below.  For more detailed descriptions and derivations of the equations, please see Shin.

The Kalman filter consists of two main stages:  update and predict.  In the update stage, the current system state is estimated based on the current system measurement and predictions made from the previous system state.  The first matrix calculated is known as the optimal Kalman gain, Kk.

[image: image44.png]



Based on the variances and covariance of the system, the optimal Kalman gain is calculated in an attempt to produce a system estimate with a minimum mean square error.  It is calculated by multiplying the given matrices above, where Pk- is the predicted system covariance matrix, Hk is the observation model matrix, and Rk is the covariance of the observation noise (in Design Team Six’s system, Rk is a diagonal matrix consisting of the GPS measurement variances).

After the Kalman gain is calculated, it is used in the calculation of the current system state vector, xk.
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This vector returns the estimated state of the system, which includes the distances and velocities in the North, East, and Down directions and the system attitudes (pitch, roll, and yaw).  The estimated state vector equals the predicted state vector, xk-, added to the vector calculated by multiplying the Kalman gain by the difference of the measured system state vector, zk, subtracted by the observation model Hk multiplied by the predicted state vector xk-.

The final matrix calculated in the update stage is the system covariance matrix, Pk, as defined below, where Pk- is the predicted covariance matrix.
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This matrix is updated to reflect the current covariance of the system.

The predict stage uses the current system state to predict the next system state vector and covariance matrix.  The predicted state vector, xk+1-, defined below is simply calculated by multiplying the first order linear approximation of the state transition matrix, Φk, by the current state vector xk.
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The predicted covariance matrix for the next increment is defined below, where Qk is a diagonal matrix consisting of the variances of the INS readings. 
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Together, the two predicted next states are used in the update stage to help minimize the mean square error in the system estimate.

The Kalman filter is implemented in the kalman.c and kalman.h code files (see Appendix).  The code includes the numerous matrix multplications and updates required for online Kalman filtering, along with a matrix inversion algorithm used to compute the inverted matrix required when finding the Kalman gain.

3.7. System Overview 

The overall system operation is shown in Figure 9 below.  Both measurement systems (GPS and INS) are configured using interrupts.  Once the run is started, both GPS and INS are initialized.  GPS is initialized first because it is used in the initialization of INS, as explained in section 3.5.  The program then enters a loop, where the GPS interrupt and the INS interrupt can halt the current execution and perform their subroutines.  
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Figure 9:  Software Overview
Since Kalman filtering operates in parallel with the GPS interrupt, the GPS interrupt initializes the Kalman filter as zero.  The GPS acquires and parses data, and then indicates that the Kalman filter should run.  The results from the Kalman filter are stored in flash memory.  The INS interrupt reads the values from the accelerometers and gyroscopes, and then performs all necessary navigation equations.  These values are pushed onto a queue, and are used in the Kalman filter.  This loop continues until the user presses the “ok” or “cancel” button.  This button is set as an interrupt with the highest priority.  When the button is pressed, it trumps all other interrupts and stops the device from recording measurements.      
4.  Design Test Data

The test prototype of the speed and distance sensor is shown in Figure 10.  This was the setup of the device that was subject to all testing.    
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Figure 70:  Protoboard
4.1 GPS Testing

Since the inertial navigation system is initialized from the GPS, it was made sure that GPS was tested and up and running prior to INS testing.  In order to test the GPS, a run was started on the speed and distance sensor, and then a car was used to simulate a skier or snowboarder.  The information was then viewed on the LCD screen, and also plotted into Google Earth using the PC interface.  Figure 11 shows a plot of points from Google Earth that were recorded when driving around Michigan State University.             
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Figure 11:  Google Map of Test Route
As mentioned previously, the points that are plotted in this map were stored in memory of the device, and the PC interface plotted the points in Google Earth.  The route plotted in the above map was very accurate when compared to the actual route taken by the car.  The average velocity, peak speed, distance, and displacement can all be read for the two minute run from the LCD as seen in Figure 12.    
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Figure 12:  Test Run on LCD for 2 Minute Run
Another test was performed compared average speed and peak speed as displayed on the LCD screen to the digital speedometer of the car when driving.  Distance was also compared by setting the trip on the car and comparing with the distance on the LCD.  The measured distance was close to the actual distance, but the speed was off in some runs.  This could be greatly improved by implementing inertial navigation.        
4.2 INS Testing
As discussed in Chapter 3.5.3, the biases and scale factors of the gyroscopes and accelerometers varied in each direction of each axis.  Accelerometer bias drifts are shown in Figure 14.  This data was taken using Matlab over a 24 hour period in order to see how much the biases drifted over time.  The sensors were placed on a vibration table so that they would not be affected by any outside forces.  Over the 24 hour period, the biases only drifted by around 0.01 volts, with occasional spikes.  When read through the microprocessor and analog to digital conversion, the biases drift tends to be larger, usually around 0.02 to 0.06 volts.  
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Figure 14:  Accelerometer Bias Drifts

When running the software, it was found that these bias drifts were causing a great variation in the acceleration resulting from the analog to digital converter of the microprocessor.  Thus, the calibration function (discussed in 3.5.3) was created to help improve accuracy of the accelerometer and gyroscope readings. Figure 15 shows the accelerations in the X, Y, and Z direction after the calibration function has been performed and the board is at rest.  
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Figure 85:  Accelerations After Analog to Digital Conversion
The X and Y directions are very close to 0 m/s2, and the Z direction is close to 9.80665 m/s2.  The sources of error may come from some decimals being lost in the ADC calculations, and also that the surface the device was resting on when the measurements were recorded may not be perfectly perpendicular to the ground.  However, these results are much better than they were without the calibration function, and provide increased accuracy when finding speed and distance.   

At the time of this report, the inertial navigation system has yet to be fully tested and debugged.  Due to delays in initial microprocessor setup and configuration, in addition to unforeseen issues that arose during the implementation of GPS, INS was unable to be achieved.  When implemented using dummy variables for GPS, INS, combined with the Kalman filter, would return values that made little sense.   Design Team Six is continuing to debug INS and Kalman filtering before the scheduled completion date of the speed and distance sensor.  If this is unable to be achieved, the team has still accomplished the design requirements by developing a sensor based solely on GPS.             
5.  Conclusions

Design Team Six has been tasked with the design of a speed and distance sensor for skiers and snowboarders by the Air Force Research Laboratory.  Team Six’s proposal to integrate an INS and GPS system resulted in a successful failure, as an invaluable amount of experience has been gained.  However, the team has met and exceeded the requirements put forth by the sponsor through a stand alone GPS solution by improved functionality and performance.  

Design Team Six considers this project a successful failure because of the effort put forth and the knowledge gained from developing a system with off the shelf components, while trying to implement an extremely complex navigational system.  The team chose to challenge themselves and attempt to create a device that would rival those already in the market in terms of accuracy and functionality.  These two design challenges were not specified in the design requirements, but the team felt that they were important enough to attempt to implement.
The speed and distance sensor meets and exceeds design requirements as specified by the Air Force Research Laboratory through a single GPS solution.  This GPS solution provides 3D positioning data at a rate of 1Hz.  By properly filtering the GPS NMEA sentences and integrating it with 2Mbytes of flash memory via SPI, the user is able to store and retrieve data for improved functionality.  The user may review data in one minute increments through a convenient LCD menu.  Up to 10 runs of data can be stored, each with a maximum of 208 minutes of measurements.  In addition, the user may connect the device to their personal computer to sync their runs through custom software and view them graphically on Google Earth.  This provides a new way of interpreting runs and improves the user experience.

Safety was a primary concern in developing the device as each component was carefully selected to run in subzero temperatures and use minimal power.  The whole system runs at 3.3 volts by a 3.7 volt Lithium-Ion rechargeable battery with a six hour run-time.   The display turns off while the device is in use as to not distract the user.  All together the device weights less than two pounds, is in a small lightweight form factor, and costs well under the proposed budget at around $222.

	Component
	Price

	Microprocessor
	$8.00

	GPS Receiver
	$50.00

	GPS Antenna
	$12.00

	Accelerometers
	$45.00

	Gyroscopes
	$30.00

	Flash Memory
	$2.00

	LCD
	$15.00

	Battery and Charger
	$28.00

	Enclosure
	$7.00

	Miscellaneous
	$25.00

	Total*
	$222.00


Table 3: Final Cost
Reflecting upon the design process, Design Team Six has compiled a list of suggestions for future improvements.  Originally, the device was to use USB, but after switching microprocessors, this feature was lost.  In the future, design teams should attempt to make this a priority because serial is an aging technology and is no longer included on modern personal computers.  Building upon the success of this design, INS and the Kalman filter can be implemented provided additional time.  Due to the nature of the application, an even smaller form factor would be valuable to the user and additional features such as communication through a Bluetooth headset would add increased usability.
Though the proposed solution resulted in a successful failure, the team was still able to design a competitive solution to the problem at hand.  Through a tightly integrated team, an innovative product was designed and prototyped.  In conclusion, Design Team Six has met and exceeded design requirements set fourth by the sponsor through a single GPS solution.
6. Appendix 

6.1. Technical Roles and Responsibilities 

6.1.1 Michael Bekkala
[image: image63.wmf]Michael Bekkala was mainly responsible for interfacing the accelerometers and gyroscopes with the microprocessor, and also configuring the Inertial Navigation System.  He was involved in the development of the Main Menu and in the debugging efforts of the final code.  In order to use an inertial navigation system, Michael had to configure the microprocessor to read the accelerometers and gyroscopes.  He had to find out how to setup the analog to digital converter, and how to read the proper measurements from the sensors using their biases and scale factors.  Michael worked with Matthew Guibord to test these devices in order to find the bias drift error, and also error associated with the analog to digital converter of the microprocessor by repeatedly testing and updating the calibration function.     

Michael spent several weeks researching and deciphering the complex navigational equations associated with inertial navigation, and how to make use of them in order to properly measure speed and distance.  Since the equations are so computationally complex, especially when implementing them in C, he had to figure out what assumptions could be made so that the equations would be implemented easier.  Michael wrote all of the code to perform the navigation equations, and the code to initialize the inertial navigation system.  

Michael developed the code for the prototype menu of the LCD screen and configured the microprocessor to execute the button interface so the menu would have the ability to cycle through its different options.  This prototype menu was used extensively in testing of the calibration function and the GPS.
The final prototype has a large amount of lines of code, and Michael was heavily involved in debugging, changing, and adding to the final program.  These tasks helped integrate the overall system, linking GPS with INS so the system should obtain accurate readings.            
6.1.2 Michael Blair
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Michael Blair was responsible for several technical roles throughout the project, including GPS interfacing, flash memory, and PCB layout.  He worked side-by-side with Michael Carpenter to research GPS technology and procure the best GPS solution possible.  They then integrated GPS to the microcontroller through UART communication and several weeks of programming.  This process included researching and implementing the NMEA 0183 standard to obtain useful information, parsing the information for position and velocity data, and then storing it in a useful manner so it may be integrated with INS at a later date.  Michael Blair and Michael Carpenter worked effectively together to produce all programming required to interface the GPS to the rest of project.

In addition to his work on GPS, Michael researched and procured non-volatile flash memory for use in the project.  To implement a large enough storage solution, Michael worked tirelessly on researching and implementing the SPI standard form of communication.  Michael dealt with issues of faulty hardware and various incompatibilities but was able to successfully overcome these challenges.

Once hardware was initialized, Michael developed and wrote a software driver that was responsible for all communication operations with flash memory.  These operations included various read and write functions, as well as erasing and other memory management tasks. This was a critical step in integrating the entire system as the memory is accessed and shared by a large number of functions.

Michael was also responsible for designing the PCB with the guidance of Mathew Guibord.  He gained valuable experience in PCB design using the Eagle software package.  This included creating a schematic of the entire system, creating custom elements in Eagle with special attention to spacing, and finally a PCB layout.  The PCB he created was used in the final prototype of the team’s device.

In addition to these contributions, Michael supported other team members and their designated tasks.  He helped in the procurement of parts such as the rechargeable battery and charging station, provided additional help debugging complex algorithms, and took an active role in the packaging design.

6.1.3 Michael Carpenter
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Michael Carpenter was responsible for several key components of the design, including interfacing the GPS receiver with the microcontroller and developing the Kalman filter. Michael worked closely with fellow team member Michael Blair to interface the GPS receiver with the microcontroller.  To achieve this, they needed to research several key concepts and protocols for communicating with a GPS receiver including UART communication and NMEA messages.  After several intensive weeks of coding and teamwork, Michael Carpenter and Michael Blair completed a fully functional set of code that could configure the GPS receiver, receive NMEA messages containing the GPS position and velocity data, and parse the relevant information out of those messages for use in distance and speed calculations. 
The Kalman filter is an essential part of the design solution, as it is the driving force for integrating the GPS and INS solutions.  It is an advanced topic in control theory, and it required extensive research to not only be able to understand the underlying concepts, but to also have a deep enough understanding to implement them.  Michael developed and wrote all of the Kalman filter coding.  Due to the complexity of the Kalman filter equations for combining the GPS and INS solutions, this code involved an extensive amount of matrix updates, multiplications, and transposes—so many that the original microcontroller needed to be upgraded because of insufficient RAM.  In order to fully implement the Kalman gain equation, Michael also developed an algorithm to invert a six by six element matrix online in the microcontroller.  Using the Kalman filter, the overall error in the system should be reduced.

In addition to his two main project contributions, Michael was also a vital team member in developing and debugging small pieces of code.  Michael coded small yet important parts of code that implement data logging for the device and timing configurations for the INS system.  Along with his fellow team members, Michael spent countless hours debugging the device code and hardware in the final stages of the project. 

6.1.4 Matthew Guibord
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Matthew Guibord made contributions to many of the different technical aspects of the project, including INS research and high-level system design. Matthew collaborated with Michael Bekkala in the implementation of the accelerometers and gyroscopes to achieve inertial navigation.  He worked with Michael to decipher the navigation equations, and also programmed the calibration function, which is a key part in initialization of the inertial navigation system because it sets the biases and scale factors of the accelerometers and gyroscopes.  

Matthew played a significant role in building the current configuration of the main menu of the device.  He revamped the main menu to be more user-friendly, visually-pleasing, and easily accessible.  Additional menu options were added, including the option to erase one run, or all runs, in order to save memory space.  To capitalize on the new menu, Matt also put heavy thought into the final packaging of the product and procured buttons and special two color LEDs.  This will provide an overall better user experience and add more visual appeal.

Additionally, Matthew contributed to the overall system design and implementation.  He was responsible for the creation of the run data structures and overall flow chart system diagram.  This required an extremely high understand of the overall system operation and how each individual component plays a critical role in speed and distance measurement.  Matthew configured the system to be able to store multiple runs, and also enabled the user to cycle through the menu to display individual runs.

Finally, Matthew played an invaluable role in the team by debugging code through the entire development process.  His teamwork skills and initiative greatly aided the progress of the project.  He had a deep understanding of complex algorithms and was able to help resolve many critical issues that would have delayed finishing the project.  

6.1.5 Abhinav Parvataneni
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Abhinav Parvataneni was involved in several technical aspects of the project including LCD functionality, Computer Interface, Analog to Digital Conversion (ADC), Menu System, and writing generic support functions.  He researched LCD interfacing on different microcontrollers used by Design Team Six and programmed in a way that could be used as a plug and play for any new microcontroller.  Abhinav then implemented several conversion functions, which would manipulate data from one data structure to another.  This helped a lot when debugging throughout the project and helped display any data type on the LCD.

In addition, Abhinav also worked on the Computer Interface of the project.  After several days of researching, he was able identify a process that would automate retrieving GPS coordinates from the microcontroller and plot them on Google Earth.  He takes all the necessary information such as speed, distance, peak speed, and average speed, and stores them in different files to separate each run.  They can also be plotted in a graph of speed over time.

Abhinav worked closely with teammate Michael Bekkala on ADC, as it is a very integral part of Inertial Navigation System (INS).  Together, they researched on setting up ADC, manually scanning results in each port to the point where everything has been automated and results are stored in a buffer every 10ms.

In addition to these contributions, Abhinav worked with Michael Bekkala and Matthew Guibord on developing the menu.  Together they were able to create a dynamic and robust menu.  This menu is operated with 5 buttons, has a hierarchical design which makes it extremely user friendly, and gives the user complete control over the device.  

Abhinav also helped debug a lot of complex programming, while helping correct small, illogical errors.  He helped out whether he was directly involved in that part of the project or not.  
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Datasheets:

[1] LPY5150AL Single Axis Gyroscope
http://www.sparkfun.com/datasheets/Sensors/IMU/lpy5150al.pdf

[2] LISY300AL Multi Axis Gyroscope
http://www.sparkfun.com/datasheets/Sensors/LISY300AL.pdf

[3] ADXL335 Three Axis Accelerometer
http://www.sparkfun.com/datasheets/Components/SMD/adxl335.pdf

[4] VTGPSIA-3 GPS Antenna
http://www.sparkfun.com/datasheets/GPS/embeddedsma.pdf
[5] Venus634FLPx GPS Reciever 

http://www.sparkfun.com/datasheets/GPS/Modules/Skytraq-Venus634FLPx_DS_v051.pdf

[6] Binary Messages of SkyTraq Venus 6 GPS Receiver

http://www.sparkfun.com/datasheets/GPS/Modules/AN0003_v1.4.8.pdf
[7] LF33ABV Voltage Regulator
http://www.st.com/stonline/books/pdf/docs/2574.pdf

[8] CH-UNLI3705  Battery Charger
http://www.batteryspace.com/smartcharger05afor37vli-ionpolymerrechargeablebatterypack--ceullisted.aspx

[9] PRT-08483 Lithium-ion Battery
http://www.sparkfun.com/datasheets/Batteries/UnionBattery-2000mAh.pdf

[10] LCD-09052 LCD Screen
http://www.sparkfun.com/datasheets/LCD/ADM1602K-NSW-FBS-3.3v.pdf

[11] SST25VF016B Flash Memory
http://www.sst.com/dotAsset/40371.pdf

[12] dsPIC30f6012a Microprocessor
http://ww1.microchip.com/downloads/en/DeviceDoc/70143D.pdf

[13] Microchip dsPIC30F Family Reference Manual

http://www.microchip.com/stellent/groups/techpub_sg/documents/devicedoc/en026096.pdf
[14] MAX3223IDWR Transistor-Transistor Logic
http://focus.ti.com/lit/ds/symlink/max3223.pdf
[15] RS-232 Connector




6.3. Gantt Chart

6.3.1 Original Gantt Chart
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6.3.2 Updated Gantt Chart
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6.5. Hardware Schematic
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