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Abstract — The objective of this project is to design a self-driving robot that will carry student’s backpack, track and follow along its user to classes and allows the user to walk without lugging it. The result is expected to make lives easier for students. They do not have to burden their shoulders with heavy backpacks. Therefore, we propose a thesis to alleviate student’s pain such as hunchbacks, shoulder pain, or any upper body pain that is caused by carrying backpack. We propose Knight Gear. 
Index Terms — Ultrasonic Proximity Sensor, Wheatstone Bridge Network, Geared DC Motor, PWM, ZigBee, XBee, Solar Energy, Bluetooth, Wi-Fi, and Discharge Curve
I. Introduction
Knight Gear is a self-driving backpack that tracks and follows its user that allows the user to walk without carrying it. The Knights Gear allows certain amount of weight to be conveyed. There is a limit to the weight and the weight sensor takes care of that. If the weight is more than specified then it will not work. Once the weight sensor gives green signal it then, basically, follows the transmitter. The RFID transmitter sends signals to Knight Gear informing its position at all times. Users will have this small and handy transmitter with them. As long as the transmitter is switched on and sending signals to Knight Gear, it will follow keeping enough distance from the user. For the transmitter, ultrasonic sensors are used for the wireless function of the robot. The Knights Gear also uses the ultrasonic sensors to detect and avoid any obstacle in front of it. These sensors prevent the Knight Gear from bumping onto obstacles such as people, wall, and other things on the floor that can block its path. Knight Gear also features an automatic shut-down system. If a student stops on the way for more than few minutes then this automatic shut-down feature comes into play. It shuts down the system to save power if the location of transmitter is not changed.
The main goal of our project is to make a light-weight, portable, low cost, and easy to use robot that carries your backpack. It has the ability to detect its user and calculate the speed and direction to track and follow along the user. Knight Gear offers very easy interface to be used by any person.

II. Knight Gear Components
Knight Gear consists of many individual components that are amalgamated to work together to attain optimum results from Knight Gear. Some of those important devices are listed below. 
A. Ultrasonic Proximity Sensors

There are several reasons as to why ultrasonic sensors were used for Knight Gear. Having a wide range is essential for the sensor because the user will be in motion. Since there is no mechanical contact with the target, the numbers of operating cycles are unlimited. Ultrasonic proximity sensors will work regardless of the target’s color, atmospheric dust, rain, snow, reflecting and metallic surfaces or any repugnant conditions. It provides resistance to external disturbances such as vibration, noise, and infrared lights. Hence, to support the required functionalities of Knight Gear, we chose Ping))) 28015. It provides precise, non-contact distance measurements. It is relatively easy to connect to microcontrollers (requiring only one I/O pin). The table 1 below describes the characteristics of PING))) 28015 that is implemented on Knight Gear.
	Parameters
	PING))) 28015

	Supply Voltage
	5VDC

	Supply  Current
	30mA (typical), 35mA (max)

	Range
	2cm – 3 m 

	Burst Frequency
	40kHz for 200µs

	Delay 
	200µs


Table 1: Characteristics of Ping))) 28015 Ultrasonic Sensor
B. Weight Sensor

A weight sensor is implemented measure the weight of the load in Knight Gear. Knight Gear works only and only when the weight of the backpack is less than or equal to 30lbs. It will not work if the weight happens to be more than 30lbs. The weight sensor works as a Wheatstone Bridge Network, where 4 strain gauges are connected with 4 separate resistors. When a force or load is applied, resistance changes and results in change in output (The voltage is zero at equilibrium with no load/force). This small change in output voltage is measured and augmented carefully from low amplitude to high amplitude and then examine to calculate the weight of the load. The schematic of the weight sensor is shown below in figure 1.
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Figure1: Schematic of the weight sensor
C. Motors 

The geared DC motor is a bigger, more powerful version of the DC motor that has a gear reducer is integrated. The geared DC motors are used in Knight because a lot of power is needed to provide locomotion. The speed is generally controlled using pulse width modulation of the fixed input voltage. Like other DC motors, geared DC motor can operate in both clockwise and counter clockwise and its speed can be altered by varying the voltage applied to the motor. The gear motors that are used for Knight Gear are operating at 6V and its stall current is 2A. 

D. Motor controller

Texas Instrument model SN754410 is used as the motor controller for Knight Gear. This model provides sufficient continuous current of 1.1A with lowest price thus this model seems very cost effective. Also, this model has standard pin packages for schematic design and no extra diodes are needed that makes easy to implement the circuit. Since the current provided by this driver is less than the current draws from the motor, we connect the two motor drivers in parallel to get enough output current. Also, resettable fuses are placed between each motor to prevent any overcurrent. There are two different ways to use the SN754410 motor driver to control each motor: 2 pin, and 3 pin. The 2 pin mode requires one hardware PWM pin plus one general-purpose digital output pin. The drawback of this mode is that it doesn't support the 'coast' motor drive state. Consequently to achieve variable speed settings the motor alternates between full speed and brake via the PWM pin. Although it only uses two output pins of microcontroller, it causes the motor under some stress and will wear out the motor more quickly than the 3 Pin-mode. On the other hand, the 3 pin mode requires one hardware PWM pin plus two general-purpose digital output pins per motor. The benefit of this mode is that it can support all the possible motor drive states such as forward, reverse, brake and coast. Variable speed is achieved by changing the PWM signal from the microcontroller. We are using 3 pin motor driver because although the 2 pin mode requires only two output pin of microcontroller, it will put some stress and wear out the motor fast. Thus, if our microcontroller has available output pins, 3 pin mode will be used for the motor controller of the Knight Gear. The table 2 displayed below describes the specifications of SN754410. 
	Parameters
	SN754410

	Brand
	Texas Instrument

	Operating supply voltages
	4.5V ~ 36V

	Tolerant peak output currents
	2A

	Continuous currents per each channel
	1.1A

	H-Bridges
	Quadruple-Half

	Control method
	PWM

	Internal diodes
	YES


Table 2: Characteristics of 3pin SN754410 Motor Controller
E. Micro controller

For the project Knight Gear, we decided that a good choice would be to have one central microcontroller for all the heavy computing and multiple small controllers for sensors, motors, and accessories. The central microcontroller does not need to be very powerful, but enough to be able to handle and process all incoming data that is simplified by the smaller, weaker, outer microcontrollers which handle the analog I/O from the devices. First, microcontrollers must be examined for the central unit. This controller is the most vital, as it is the main processing unit for the tracing algorithm which decides all the other functions of the Knight Gear robot. Later, smaller controllers will be examined in order to decide on motor controller, sensor controller, and accessories control (such as GPS, Bluetooth, etc.). One of the best options for the microcontroller for Knight Gear is the Atmega 2560 from the Atmel family. Specifically speaking, the Mega Pro 3.3v from Sparkfun. This microcontroller allows for Knight Gear to fully use all the pulse wave modulation lines that it requires for all of the ultrasound sensors and for the motor drivers. With a 3.3 volt operating voltage, 54 digital I/O pins, 15 of them being PWM, and 16 analog inputs, the Mega Pro is a great low power option for the microcontroller for Knight Gear.

	Parameters
	Atmega2560

	Operating Voltage
	3.3 V

	Digital I/O pins
	54 (15 PWM output)

	Analog I/O pins
	16

	DC current per I/O pin
	40 mA

	Flash Memory
	256 KB (8KB used for boot loader)

	Clock Speed
	8 MHz


Table 3: Characteristics of Atmega 2560 Microcontroller
F. Battery 

The battery selected for the Knight Gear is NiMH, because of its high capacity, no memory effects and environmentally friendly. The NiMH batteries can be charged at any time without affecting battery life which is good characteristic for our solar powered charging system. For the Knight Gear, two 6V 2100mA battery backs are used as power supply of robot. However, another 9.6V battery pack is used for the motors alone because they consume lot of current. Nickel Metal Hydride or NiMH batteries are another type of rechargeable battery. The technology used in NiMH is very similar to the nickel cadmium battery (NiCad). The NiMH use positive electrodes of nickel ox-hydroxide like the NiCad, yet the negative electrodes use a hydrogen-absorbing alloy instead of cadmium. NiMH battery can have two to three times the capacity of a similar size NiCad, and their energy density come close to that of a lithium-ion (Li-ion) battery. For a common AA size cell, the maximum discharge rate is about 1100mA to 2800mA, and the nominal cell potential is 1.25V. Similar to the NiCad batteries, NiMH are not expensive and have the light weight. Another big advantage of NiMH is that they have no problem with memory effect that NiCad batteries have. Also they don’t contain any toxic materials. Thus they pose less environmental hazard for its disposal than that of NiCad batteries. The following table 4 shows the characteristics of NiMH. 
	Parameters
	NiMH

	Voltage (V)
	1.25

	Capacity (mAH)
	1200 ~ 2600
Depends on brand

	Capacity load
	High

	Recharge cycle
	500 ~ 1000

	Charging time
	2 ~ 4h

	Charge/discharge efficiency (%)
	66%

	Operating temperature (°C)
	-20 ~ 45

	Over charging tolerance
	Low

	Disposal
	Available

	Self-discharge rate
	25%


	Memory effect
	No

	Price
	$ 5 ~ 7


Table 4: Characteristics of NiMH battery that is implemented in Knight Gear
G. Power

Besides NiMH, another major component of the power system for Knight Gear is the solar panel that is being implemented into it. One of our goals with the power system for Knight Gear is to make the battery rechargeable with a solar panel. This feature adds to the survivability of Knight Gear as it operates during the day and outside. Lastly, Knight Gear has 3 different voltage regulators that will be implemented in order to power the motors, sensors, and microcontroller. These voltage regulators vary between 9V, 6V, and 3V. These components all together define the power system of Knight Gear. The discharge time of NiMH is very long and shows how the battery, if used how it is designed to be used in short periods of time, will give Knight Gear a very long life.  The discharge curve of 6V NiMH is shown below is Figure 2.
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Figure 2: Discharge Curve for 6V NiMH battery
H. Solar Powered Battery Charging
Solar energy is becoming increasingly popular as the people begin to take notice the high cost of electricity and the seriousness of environmental pollution. To find the right solar panels for Knight Gear, some approximation has been made to get the solar energy power requirement. The energy stored in the NiMH battery pack is 6V * 2000mAh = 12W per hour. Thus if we select the solar panel that provide 5W per hour, then it will take at least two hours to completely recharge the batteries. In order to connect the solar panels and the battery pack in parallel, Schottky diodes were needed to prevent the batteries from discharging through the solar panel when there is no sunlight. The following diagram, figure 3, shows a simple schematic that possibly used for the connections between the battery and solar panels.
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Figure 3: Schematic of Solar Panel with NiMH battery.
III. Control Algorithm
For controlling Knight Gear, we are using a proportional-integral controller (PI Controller) to have it follow the user.  In addition to this, we added collision detection algorithms to avoid obstacles as Knight Gear makes its way towards the user. Furthermore, we use Bluetooth and GPS as additional input signals for the PI controller. Before talking about the PI controller in depth, we should know about the reset time tuning constant, Ti of PI control algorithm. The rest time offers an alternate weight to the integral term so that the impact of integral action can be independently adjusted. It has units of time, hence it is always positive. 
The PI controller calculates the current error the integral of the previous errors to calculate the ideal turning angle to stay on target.  All two types of errors are multiplied by a coefficient and then added together.  The value of these coefficients dictate if and by how much the target will be overshoot by the correction angle calculated by the PI controller.  However, there are few challenges to PI control algorithm. The two tuning constant always interact with each other, as a result their impact must be balanced. The integral coefficient of PI controller increases the oscillatory of the process response. 
The effects of the integral coefficient can be seen in, figure 4. The high integral coefficient causes a huge initial overshoot of the target and big ripples in accuracy, thus a low integral coefficient would be used in Knight Gear’s PI controller.

[image: image4]
Figure 4: Effect of Integral Coefficient in Knight Gear
The high proportional error coefficient can also cause a large overshoot, thus a small value would be chosen.  The value of the proportional error coefficient must however be great than the value of the integral coefficient since we want the proportional error to be the major driving force of the PI controller. The effects of proportional error coefficient can be seen in the figure below, figure 5 on the next page.
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Figure 5: Effect of Proportional coefficient in Knight Gear
The main control algorithm will call the PI controller with the sensory information from the ultrasonic fused sensors.  The PI controller will use the previous values to calculate the error, and integral, and return to the main control algorithm two velocities which will be passed to the front motors causing Knight Gear to turn on the direction of the slower front motor.  These velocities are calculated with adding to the left front motor and subtracting from the right front motor the PI’s error correcting velocities to a base velocity used for all four motors.  This is done since a positive correcting indicates that the user is to the right of Knight Gear and it needs to turn so by increasing the motors of the left front wheel, while a negative value indicates that the right front wheels must speed up to turn leftward.  

Before the velocities are sent to the motors the main control algorithm will call the collision detection algorithm with the ultrasonic information from the ultrasonic sensor and Knight Gear’s planned motion vector to determine if there is an object in front of Knight Gear and if it will collide with it.  If there is no imminent collision the collision detection algorithm does not alter the velocities of the motors; however, if there is an imminent collision the algorithm then decides if it can be avoided by moving an arc or to stop Knight Gear completely.  This is determined by using the relative localization calculations to determine if the object will come into collision because it is headed to Knight Gear, if Knight Gear is headed towards the object, or if the vectors of Knight Gear and the object would intersect soon.  From there it the algorithm calculates the most efficient method of avoiding the collision; for example, if Knight Gear is in a collision course with a moving obstacle it would most likely be best to just stop advancing until the obstacle has passed the vector of movement. 

If there is ultrasonic signals to supply the PI controller the main control algorithm will instead use GPS or Bluetooth signals depending on which gives the more accurate reading.  Bluetooth will be implemented due to the lack of accurate GPS signals while indoors.  Using these signals Knight Gear would continue to use the previous values calculated in the PI controller to locate the user and continue to follow them with the infrared and ultrasonic fused signals.  The class diagram of the control algorithm is shown below in figure 6.
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Figure 6: Class diagram of Control Algorithm
IV. Code Flow
This code flow is the basis of our software design. Knight Gear pings the user and the user emits ultrasonic waves to Knight Gear. It detects and wave and direction vector is calculated after minimizing any noise, if there is. Sensors emit ultrasonic waves for collision detection. If sensors do not time out and the calculated distance is less than 0.5m, then collision avoidance vector is calculated and knight gear advances to the new calculated vector. If sensors do time out then Knight Gear advances on the new calculated direction vector. Figure 7 that is displayed on the next page defines the software code flow of Knight Gear.

[image: image7]
Figure 7: Code Flow of Knight Gear

V. Steering System
Knight Gear is implemented with a main controller that scans for the user using ultrasonic sensors and then sends that information to the PI controller.  The ultrasound sensors are used to determine the distance from the robot. The sensors are rotated until the user is located by the sensor, then the ultrasound sensors are pulsed so to triangulate the distance from the user with how long it took for the echoes to return to Knight Gear.

The data is given to the controller which then calculates how off center Knight Gear is from the user; this is known as the current error value. With this the controller then calculates a velocity vector using this error along with the previous error values and potential future error values to reach the user.  The vector formula uses three constants, one for each of the three types of errors, as multiplier to determine how much of an impact the specific errors have on the velocity vector of the robot.

Then, the collision avoidance controller takes the vector and uses the ultrasound sensors to verify that the robot is not headed for a collision.  If it detects no imminent collision the velocity vector is forwarded to the motor controllers motors.  If there is a collision, the controller would calculate a new vector to avoid the collision dependent on where the collision is from. If the collision is not straight in front of the robot, the robot makes a new vector that allows the robot to advance and still avoid the collision. If the collision is directly in front of Knight Gear, then Knight Gear will stop and wait a while to see if the object in front of it moves or not, then either continue or advance to its left if possible. 

The velocity vector that Knight Gear will implement is send to the motor controllers that decode the vector into the velocity at which the individual motors must spin at for Knight Gear to advance in the instructed vector.  The graphical representation is shown in figure 8.

[image: image8]
Figure 8: Flowchart of Knight Gear’s software
VI. Wireless Communication
In order for Knight Gear to follow a user, the group decided for a wireless communication between the robot and the transceiver. This communication could be done with a multitude of different antennas and wireless communication devices. The purpose of the implementation of wireless communication in Knight Gear is for localization of the user which is the main feature of Knight Gear and its top priority. Some wireless communications looked at were Wi-Fi, Bluetooth, and ZigBee. 

ZigBee turns out to be the final choice for wireless communication in Knight Gear. ZigBee is a low cost, low power, wireless mesh network. Devices using ZigBee operate at a radio frequencies of 2.4GHz and are usually very simple devices. The communication is based on peer to peer connections and requires very little knowledge to use because of lack of complexity. 

The table below shows comparison on the three different wireless communication methods and different specifications.
	Parameters
	ZigBee

	Range
	10-100 meters

	Operating Frequency
	2.4 GHz

	Complexity
	Low

	Power Consumption
	Low


Table 5: Characteristics of ZigBee 
[image: image9.emf]When looking for wireless antennas for Knight Gear that used ZigBee, the name that repeatedly showed up was XBee by Digi. The XBee antennas are very popular with hobbyist around the world and are very low cost and easy to program and use. Even with the large amount of documentation and examples of the XBees being used, there are many different XBee models and different series of XBees to examine and decide which is best for Knight Gear. ZigBee and XBee are different things. ZigBee is the protocol while XBee is the wireless communication device. For Knight Gear, the group mainly focused on two versions of the XBees: Series 1 and Series 2.

A. Series 1

The first is Series 1, also known as XBee 802.15.4. This model of XBees is the easiest to work with as in they require no preparation or configuration to use. They can benefit from configuration, but they do not need it. Only downside to these is that they are not compatible to XBee series 2 or above. 

B. Series 2

XBee ZB are a current version of the Series 2 of the XBee. These XBees can run in a transparent mode or work with API commands. The XBee 2B are even newer versions of the Series 2 which improve power usage. Although these two XBees are different versions of Series 2, they can work with one another unlike a Series 1 working with a Series 2.

Table 6 shows a comparison of a Series 1 antenna with a Series 2 antenna.

	Parameters
	XBee Series 1
	XBee Series 2

	Range
	300 ft.
	400 ft.

	Power Consumption
	50mA @ 3.3v
	40mA @ 3.3v

	Frequency
	2.4 GHz
	2.4GHz

	Data Rate
	250 kps
	250 kps

	Cost
	$22.95
	$20.95


Table 6: Comparison between Series 1 and Series 2 of Xbee antennas
Based on the above table, Knight Gear was chosen to have a Series 2 XBee RF antenna. The main reason for this choice was to alleviate the budget for the group and availability of components. For Knight Gear, we will focus on serial communication using the XBee Series 2 antennas which will focus on mainly the pins 2 and 3, shown in the figure 9 below.

Figure 9: Layout of XBee RF antenna with displayed pins. Pins 2 and 3 will be used intensively for Knight Gear. 
VII. Conclusion
The two semester long senior design project has been one of the most valuable experience for the group in undergraduate studies.  It trained us how to organize professional meetings, how to write technical reports, how to work together as a team and most importantly how to work under pressure.
Senior Design project is an overall combination of the theory all the foundations and engineering courses that we covered. The lab hours from basic engineering courses such as Electrical Networks and Networks and Systems has definitely proved to be very helpful. We did not have any issues while building the circuit board for Knight Gear. 
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