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Abstract  —  An idea formed by electrical and computer engineers, the CALBOX 360 addresses energy conservation, health concerns, and entertainment. Powered by bicycle, the electronics of the system convert energy to charge a lead-acid battery. This battery is then used to power an XBOX 360 gaming console. The rear wheel of the bicycle runs a DC generator. A DC-DC converter takes the power from the generator and outputs it to the smart charge controller. This ensures the battery is charged safely. With a charged battery, the energy passes through a DC-AC inverter to power the console. Along with the electrical work, a microcontroller is used to provide performance feedback to the user. Wireless communication is implemented to send the information to a computer, where all exercise sessions are logged and organized.

Index Terms  —  Circuit synthesis, encoding, energy conservation, exercise, power electronics, printed circuit layout, user interfaces
I. Introduction
The process of the CALBOX begins with the user and the energy created when pedaling. The end result is that this energy charges a 12V battery, which then dissipates it to the Microsoft XBOX 360 to allow for game play. Integrating this system into a lifestyle not only provides entertainment for the user, but also offers a way to stay in shape, and is a good way to help the environment. The system was first developed as a solution for overweight children, and as a method to combat rampant obesity in the product’s market population. It also provides a means of the average user to provide a diversified energy solution for the home. While not being able to produce the power needed to replace the whole profile for a home, the CALBOX is capable of producing enough power, from the simple synergistic approach of maximizing efforts, to power electronics like televisions, video game consoles, refrigerators, and much more.

The primary goal of the CALBOX is for it to be an efficient at-home energy solution. The National Resources Defense Council (NRDC) estimates that video game consoles consume 16 billion kilowatt-hours per year. This amount of electrical power rivals that of the entire city of San Diego, California, a city of over 3 million residents[6]. The CALBOX alleviates this burden on a large scale by completely removing the console from the grid. This effectually removes 125kW-h of electricity per console per year from the power grid. The power produced is fueled solely by the excess energy accumulated in the user. Using this energy also results in a diversification of the power generation portfolio of a user’s home. It is a positive step in integrating other forms of energy including solar and wind.
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Fig. 1
This rendering gives a visual of what the CALBOX 360 system looks like. There is an LCD on the handlebars of the bicycle, and all the electronics are placed under the enclosure behind the rear wheel.
II. System Concepts
The CALBOX 360 begins with a user cycling, and ends with the gaming console. Throughout the system, energy is converted, stored, discharged, and inverted. This section introduces each of the components that make up this process.

A. DC Generator

The generator is the device that converts the bicycle for the CALBOX system into a power delivering contraption. Through electromagnetic induction, it converts mechanical energy into electrical potential. The model chosen for this project is the Leeson M1120046, which operates at 14A at 12VDC. This particular generator was chosen due to its cost efficiency, and it also has the most achievable charging efficiency of the generators that were studied. Leeson models are also more easily found in retail markets, making finding replacement parts easier.  Another reason this particular generator was selected is that it has previously been proven to be a successful motor for implementing with pedaling power designs, such as the CALBOX.

B. DC-DC Converter

The self-designed boost converter is the main hardware component of the project. It receives voltages upwards of 22V from the generator, and boosts it to output 23 – 24V, which is the voltage level accepted by the smart charge controller. As the voltage is increased, the current decreases, to maintain a similar power level. Through the study of power electronics, a successful boost converter was built. LTSpice is the program used to design the converter, and also to simulate it. This software was quite useful for resources as well, as two chips that Linear Technologies produce, are used in the system (LT6106 and LT3757). Aside from those main components, resistors, capacitors, and a few inductors are strategically placed throughout the design to successfully alter the voltage to the level accepted by the smart charge controller. Energy is stored in the converter through the use of the large, 2700uF capacitors. The board was laid out using the free software “EagleCAD”, due to its widely available community and tutorials on the internet. The PCB requires two layers, along with a silk screen, and was printed by Advanced Circuits for a student special cost.

C. Smart Charge Contoller

The Morningstar Sun Saver 10 provides a safe way to charge the battery for the project. Though designed for solar charging, this smart charge controller accurately fits the needs of the system. It takes the 23-24V from the converter, and is specifically designed to charge a 12V battery from this, at a maximum current of 10A. Looking at the converter and the charge controller together, they make-up a buck-boost converter.

D. Lead-Acid Battery

The battery used in this project is the 12V 35Ah Sealed Lead Acid Battery Universal UB12350 Group U1. It is an AGM battery with B2 internal Threaded Post leads. Internally, the AGM is made of the glass mat composite that allows it to have extended life and no corrosive leaking from the terminals. The battery is essentially maintenance-free yet features high cranking amps useful for battery reuse. The rated capacity of the battery is 35Ah, but this is variable dependant on the load current. The inverter will consume a maximum current of 3.84A. A rated approximation for this is a 3.26A load rating in which the manufacturer estimates the capacity to down-rate to 32.55Ah. This rating gives the battery a 10 hour discharge time. For the CALBOX at maximum load, it can be estimated at least 8 hours of running time can be predicted.
E. DC-AC Inverter

The Black & Decker PI400AB converts the low (12V) voltage DC from the lead-acid battery to a 115VAC household power at a frequency of 60Hz. The 400W maximum that this power inverter outputs far exceeds what the XBOX needs, which is typically 160 W to run during game play. The output signal is in the form of a modified sine wave, and the maximum output current is 3.42A. Along with two outlets, this model also features a useful 5VDC output in the USB form factor. This junction is where the microcontroller receives its power. One important specification of this device is that an alarm sounds if the input voltage falls below 11V. The low voltage shutdown of the inverter of 10.8V lines up perfectly with the lower limit voltage of charge before the battery is damaged. 
F. Microcontroller

The ATmega328P is used in conjunction with the Arduino Duemilanove platform to provide the user with information on the battery charge level, time spent during exercise, and calories burned. These devices are low in cost, and due to their popularity, have many resources to reference. The specifications for the project are met by this device through its multiple analog input pins, USB I/O for easy programming, 5V for powering itself, expansion pins for attaching shields, and serial send and receive pins for sending data to an external device. The included libraries and hardware support for serial communications allows for RS-232 transmissions between the Arduino hardware controller and a host.
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Fig.2
This image shows the connections made between the Arduino and the LCD.
G. Wireless Communications

The main CALBOX 360 housing is preferred to be un-tethered, except to the video game console. Because of this, wireless communications based on IEEE wireless protocols are implemented to link communication between the central microcontroller platform and a software application running on an external laptop or desktop. The purpose of this is to send data pertaining to the user’s session to a database. The XBee module is a Zigbee derivative radio module from MaxStream and operates in the 2.4GHz band. It follows all standards set forth by the 802.15.4 protocol. 

The XBee wireless module is easily connected to the Arduino platform through use of the XBee Arduino Shield[1]. The receiver node will be an XBee module connected to an XBee USB Explorer through USB. The XBee USB Explorer is a chipset that provides 3.3V power through the USB power rail, as well as a serial interface through the same bus. 

H. Liquid Crystal Display
The purpose of the LCD is to present the user with relevant information to their current active session. The LCD takes inputs from the microcontroller and presents the user with information on calories burned and the state of battery charge. The Hitachi HD44780 chipset is an industry standard character LCD commonly used in embedded devices. For use on this project, a 20x4 sized screen is used. That is to say that the screen is 20 columns by 4 rows, incremented by characters. The Arduino board has a built in library called LiquidCrystal for communicating with the HD44780, which simplifies the design process as it removes programming of the low level registers, and is all handled through the Arduino board and high level C/C++ language. A potentiometer exists between the 5V power source on the Arcuino board and the LCD module allowing the user to change the contrast level of the LCD.

I. XBOX 360 Gaming Console
The goal of the CALBOX 360 is to power a load for a monitored period of time. The load to be charged by the storage medium is an XBOX 360 gaming console. To power this, the load requirements and power usage at different modes of operation must be known. The AC adapter takes in voltages from 100-127V, at about 4A, with a frequency of 47-63Hz. The maximum DC output is 150W[4], which is what the system is designed for. The chart below shows the power consumed by the console during different modes of operation.
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Fig. 3
This chart shows the different modes the XBOX console operates in, and the power associated with each.
III. Hardware Components
All the hardware components introduced in section II, System Components, will now be explained in more detail. To avoid redundancy, the DC-AC inverter is also neglected in this section. 

A. DC Generator
The CALBOX runs on the organic chemistry of the user’s body. When the user mounts and propels the generator system, chemical energy stored in the body will activate the generator. The DC generator is made up of a coil of wire rotating through a magnetic field. The current in the coil comes from brushes that make contact with a split ring that the coil is attached to. The forces from the magnetic field cause mechanical torque on the coils. Ideally the magnets used to induce the magnetic field are opposite each other as well as equal. The coil itself can be thought of as an electric dipole. The split in the ring causes the current to reverse at the point where the magnets provide the least amount of torque to the system[3]. This in effect causes a full-wave rectified signal to be created by the DC generator. The signal is further rectified to excite a DC signal.

Many factors are considered when choosing a generator that will fit the CALBOX system design. First is size, as the generator should not be larger than the battery, which itself weighs 18lbs. Another important characteristic is the torque necessary to spin the motor. If the torque on the shaft of the generator does not exceed the minimum requirement for the particular generator there will not be an induced field. 

For this system, the drive belt approach is used to implement the generator. With this method, the rubber tire and inner tube of the wheel are removed. A power-twist V-belt is custom fitted between the wheel and the gear attachment to the generator shaft. The figure below shows how this setup is achieved. An advantage to this method is reduced noise. Also, instead of the simpler wheel-driven setup, this option has increased efficiency at higher wattage outputs. This is due to the higher deliverable torque into the motor system by the grips of the chain belt.

[image: image4.png]



Fig.4
This image shows how the generator is connected to the wheel to receive the power necessary to drive the system.
B. DC-DC Converter
The switched-mode DC-DC boost is an analog circuit designed to meet the system’s needs. The generator commonly produces a variable DC supply between 8V and 23V. These specifications are used as the foundation for the boost. An LT3757 integrated circuit provided by Linear Technology is used to handle all of the controls. This chip uses a stable compensator commonly functioning in continuous conduction mode, but it is capable of falling into the discontinuous mode to efficiently switch the circuit’s MOSFET.

Capacitors of type 50V 2700uF electrolytic through hole are used at the input and output of the circuit to handle all the filtering. The FDP3632 n-channel MOSFET manufactured by Fairchild Semiconductors is used in conjunction with the Micrel 4120 driver to handle the rapidly changing duty cycle from the feedback loop. The duty cycle is automatically adjusted by the controls in the LT3757 to boost to an ideal 23V output. The Micrel 4120 was implemented for driving to reduce the stress and respectively decrease the power dissipation in the MOSFET.

A high current 4.7uF inductor is used as the step-up converters storage element which resist rapid changes to the current. The circuit outputs to a smart charge controller which bucks to the voltage and current necessary to intelligently and safely charge the systems load, a 12V lead acid battery. The board developed also serves two additional functions to assist the monitoring system. An LT6106 IC is used as a highly accurate operational amplifier for current sense at the input of the board (output of the generator). The output of the current sense circuit is a pinout which relates a voltage to the generator current. The relationship is 100mV/A so if the generated voltage is 8A, the pin will read 800mV to the Arduino microcontroller for power calculation. There’s a high resistor divider at the input as well that results in a less than 40mA voltage so that the input voltage can be inversely calculated by the microcontroller and used in its calculations.
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Fig.5
This figure shows how the circuit is configured through the use of LTSpice.
C. Smart Charge Controller

Since energy is stored in a lead-acid battery, certain safety precautions must be made to ensure the battery will not be damaged. There is a maximum current which the battery can charge at (10A) before it is in danger of an over current or over charge situation which would lead to permanent damage or a decrease in charge capacity. To keep the battery life healthy, the Morningstar Sun-Saver-10 is responsible for providing no more than the maximum current from the generator to the battery for charging.

D. Lead Acid Battery
Although the CALBOX design requirements shoot for a 5 hour operability time, the battery has been scaled to double that capacity for multiple reasons. 
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Fig.6
This discharge curve of a lead-acid battery shows the rate at which power dissipates from the battery to the XBOX.
First, an extension of the project could be, after optimization of the single-load XBOX 360, would be to run all loads from the CALBOX system. This would include the television that the video game console needs to operate, as well as lights and peripherals. Another attribute of the double-rated battery is that it will allow there to be more than one user. Lastly, the larger battery will make the system less susceptible to overload and battery damage by over-discharge.

IV. Software Detail

The microcontroller in the CALBOX 360 will interface with the various components, produce mathematical calculations, provide timing operations, and otherwise mediate between the power components and the user. Input is taken in the form of voltages and current from the DC-DC regulator and the Battery Management System (BMS) in order to calculate caloric loss and battery state of charge (SOC). The microcontroller forwards these calculations to the local LCD in a form clearly understandable to the user. It will also send this information to the integrated wireless transmitter component that will in turn forward this to the wireless receiver on the server side.
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Fig.7
The block diagram shown here displays how the microcontroller takes in information from the regulator and the battery to deliver it to the user.
For the purposes of measuring pedaling intensity and battery charge, the microcontroller contains specific analog pins that are able to measure the voltage outputting from the generator and the battery. The analog pins on the board can map input voltages between 0 and 5 volts and returns those readings into a 10bit digital integer value from 0 – 1023 using the analogRead(x) function, where ‘x’ is the ping being analyzed. Each single increase in value between 0 and 1024 represents 4.9mV.

The analog pins can only take in a maximum of 5V and 40mA, so the voltages are scaled down using a voltage divider in both cases. The generator, in its maximum output state will produce 24V and the battery will output a maximum of 13.2V. This battery voltage indicates what a fully charged battery would output. Nominal output voltage hovers around 12V. Taking these values and comparing them against the METs intensity range chart for the generator values, or a battery charge percentage chart for the battery input through a C code program on the Arduino.

A. Input from DC Generator

After the voltage from the generator is scaled down to less than 5V, the positive input is connected to the analog ADC pin 0 and a common ground. The pin will be initialized in the Wiring C program and set to read a voltage between 0 – 5V as an ‘int’. It then is multiplied by 0.0049mV and casted as a float to get a high precision of total millivolts. A sample function to read the voltage in Wiring C code is shown below. 
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Fig.8
This figure shows how C programming is used to determine voltage levels.
This voltage is sampled with a frequency of 1Hz and compared to a METs intensity charge. Voltages that fall within preprogrammed ranges are assigned a METs value to be used to calculate the amount of calories that are burned per minute.
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Fig.9
This table shows how each METs level relates to a certain physical activity. These statistics are implemented in the system to allow the user to see how much effort they are putting forth.
Using the METs table as a reference, a dynamic METs value can be obtained with the calcMETS(float) function. This will take in the number of volts and return a number of calories burned that second. Another function caloriesBurned() will return an ‘int’ that will give the amount of calories burned per second. This value is continuously incremented at the same rate as the voltage is sampled (ever few seconds) to give a total amount of calories burned per session (totalCalsBurned). This value is used to update the LCD. This value is also sent to the software application listening over the serial connection with the XBee Zigbee modules at the end of each session.
B. Input from Battery

The Arduino serves as the microcontroller in the Battery Management system. Its purpose here is to properly calculate the state of charge of a battery in percentage form. To achieve this, a measurement voltage value is obtained from the battery and read by the analog pin 1 on the Arduino board. This voltage, like that of the voltage from the generator, is scaled down to below 5V. Based on discharge levels over time provided by the battery manufacturer [5], the proper voltage scaling chart is determined. This is used to approximate the state of charge of the battery.

The microcontroller will read the voltages at a 1Hz sampling rate using the readV_batt() function. Since voltages could fluctuate, a filter function is used to average in the last 10 voltage readings to give a percentage update at 10Hz. The voltages are stored in an array of size 10 floats. As a second passes the oldest value in the array is bumped off, and the newest reading is added. In addition to averaging, the filter also checks that latest number against the values it already has. If that value falls out of a 50% threshold, it will be ignored, since this is most likely an outlier and voltage fluctuation. The function returns the last 10 voltage readings as a single averaged float, and is checked against the pre programmed voltages vs. percentages with the calcBattPercent() function.

C. Output to the LCD Module
The LCD provides instant feedback data such as State of Charge of the battery, calories expended so far in the current session, and current METs level of the user. The Arduino uses a built in library to send numbers, characters, and strings to any device with the Hitachi HD44780 chipset, providing a very easy way to update the data that needs to be displayed to the user. There are five main functions used in the LiquidCrystal Library to display the data.

The LiquidCrystal() function initializes a variable of type LiquidCrystal. It takes in the pins of the LCD device and maps them to the Arduino pins. This provides an object called ‘lcd’ that can now be called to start sending data. The begin() function is utilized to define the amount of rows (4) and columns  (20) of the HD44780 chipset. The clear() function clears any characters currently displayed on the LCD. So that nothing stored in the memory of the LCD is displayed when a new session is initiated, the lcd.clear() function will be invoked at the beginning of each session.

The setCursor() function allows the cursor to be moved to a particular row or column. This is useful in setting the characters to be written to the LCD without having to refresh the display completely every time something needs to be drawn. Row 0 reads “Cals Burned” with the number of calories burned in the current session given here. Row 1 of the LCD displays “Batt Charge”, showing the user on a horizontal bar graph the percentage of current battery charge. Row 2, “METs” is displayed in the same way as the battery charge. The last row on the LCD displays the time spent during the current session, as well as the power being provided by the user.
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Fig.10
A view of the LCD screen gives a visual representation of what the user sees as they pedal.
The print() function is what allows the Arduino to print strings, longs, ints, char, an bytes to the LCD. It takes in any variable and print the value it currently holds. This is used to not only print our main title values, like “Cals Burned” and “Batt Charge”, but it will continuously be printing the values for these sections, based on those obtained from the corresponding functions.

D. Output to the XBee Module

To provide multiple session information to the user, the XBee Zigbee shield sends session data upon completion to an external computer, through use of a local push button. It transmits data from one XBee coordinator connected to the Arduino to another XBee module connected to a Windows PC through an XBee USB Explorer. This is done through using the built in serial controls on the Arduino. Before a serial connection can be established between XBees, they are paired together and be a part of the same PAN. There is no need for any specific XBee libraries to be included since the XBee module attaches directly to the RX (pin 19) and TX (pin 18) serial transfer pins of the Arduino through the XBee shield. The main serial functions used are Serial.begin(long) and Serial.println(str). The session data collected from the functions related to session time and calories burned are combined. The serial packet is sent over as a string, so values obtained are converted. 

E. User Feedback

The software components of the CALBOX 360 system provide the user with a graphical representation of their past sessions on a host computer with an XBee module attached. The software listens to the serial communications between the XBee modules on the host computer side and the Arduino side, and receives information containing total calories burned for that session and a timestamp. The GUI provides a list of all recorded sessions and their respective information, as well as a line graph of past sessions over a span of time. This provides the user with a visual representation of their progress and calories burned over time spans of weeks and months.
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Fig.11
This image is a direct representation of what the user will see on their computer screen. The list on the right show the different ways in which data sessions can be viewed.
The CALBOX system records the caloric burn of a session in the user’s computer using a wireless data transmission interface with the platform. To be able to provide feedback to the user about the amount of calories they are consuming, the CALBOX must be able to measure an electrical potential generation from the generator and use that to compose a profile for the user that provides an accurate measure of the electrical power generated vs. the amount of power that the user must put into the system. The generator voltage developed is then tied to the user by using a system of multipliers that implies the users’ level of fatigue.
V. Exercise

The CALBOX 360 requires a method for calculating caloric expenditures in human beings through the exercise of pedaling. A calorie can have many definitions in the physical sciences, but for the purpose of weight loss and exercising it is usually defined as a unit of measurement for the amount of energy food provides, as well as a measure of the amount of energy expended through physical activity. The second definition is the most pertinent for the calculations of this project.

To get an understanding of the efforts being put forth by the user of the CALBOX, the relationship between power and energy is useful. Watts is a unit of power, while a calorie is a unit of energy. The difference is in the measurement of time as a metric for the intensity of the power dissipation. It is possible to relate watts to calories by using a simple procedure, which starts by converting watts to watt-hours. Once a measure of watt-hours is achieved, this is converted to watt-seconds by using dimensional analysis and the fact that there are 3600 seconds in an hour. This measurement (watt-seconds) is of the same unit as the Joule. There is a direct conversion from Joules to calories.

1 cal = 4.184 Joules

     (1)

For simplicity, food items are labeled in kCal. So in reality, a calorie labeled on a food source is 1000 times as large as it suggests. If a conversion between the two values is reconsidered, the following equation is obtained.

1 kCal = 0.004184 Joules
         (2)

A person’s metabolic rate is average expenditure of calories from everyday activities including sleeping. An exercise calorie, or the calories burned through any physical activity such as walking, jogging, running, bicycling, or jump-rope are categorized by their level of intensity in the form of a unit measurement called METs, or Metabolic Equivalent of a Task. A MET can be defined as a metabolic unit that expresses the amount energy, specifically oxygen, expended at rest or at sleep. Any physical activity with energy expenditure greater than that of rest will have a MET level that is a multiple of one.

Using a METs value, the number of calories burned can be calculated using the following equation.

CalsBurned = (METs x 3.5 x kg)/200 x Minutes     (3)

Since the CALBOX 360 does not include a way to input the users weight, the average weight of a college student (155 lbs.) is used[2]. If a student pedals for 60 minutes with a high intensity, they will have burned 629 calories.

VI. Conclusion

The CALBOX 360 is a combination energy solution and entertainment console accessory. While designed for youths and adults that spend above average amounts of time using video game consoles, in particular the XBOX 360, it can be used by any user for recreational purposes while at the same time conserving the energy that the user is spending. Even though the system is designed for this specific console, it is versatile enough to be used with multiple systems.
The system helps society in many ways. First, by improving the health of those who use the system, as they will begin to add regular exercise to their daily routine. Also, these people will be entertaining themselves through the use of the gaming console. The greatest benefit however, is that the entire system is self powered. This gives the user a sense of accomplishment, as well as helps with electric costs of the household.
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