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1 Introduction


Last year, the South Bend police department approached Notre Dame’s electrical engineers with a problem concerning power consumption in their officers’ vehicles.  The department was replacing car batteries at an unexpectedly high rate due to damaging deep discharges that occurred both on duty and overnight.  The members of the force and the garage crew could not agree on a specific cause of the drains, and the problem became a senior design project.  Four students, Team Five-0, completed a prototype system solution in the summer of 2007.  


The unit was designed to monitor current generated by the alternator, leaving the battery, and being used by six loads common to a policeman’s car.  It also measures the battery’s voltage as a way to provide state-of-charge information.  As the battery approaches a deep discharge, the system sheds loads in a prioritized manner, hopefully saving the battery while keeping vital loads in operation.  The prototype performs some aspects of this system function very well, while failing in others.  In this document, we build off of how last year’s team met the system’s requirements, and explain what we feel are appropriate design decisions in order to bring the product closer to a useable implementation.
2 Problem Statement and Proposed Solution

Two major headaches occur when a police officer’s car battery undergoes a deep discharge.  First, vital systems such as the video camera, the radio, and the starter are inoperable. Second, the department probably has to buy a new battery, or at the very least, that battery’s lifetime is greatly decreased.  These issues affect the officer and the public’s safety, as well as their budget.  The vehicle’s operator may prevent some instances of deep discharge.  Yet, the officer can usually only guess why his battery failed and may not recognize the problem if it recurs.

To solve the above problems, one must develop a system to monitor the car battery’s various current loads and take power-conserving measures as the charge becomes dangerously low.  Since the battery-powered devices in a police car vary in importance, the solution should switch out loads in a prioritized manner.  Some loads, such as the vehicle’s video camera, should never be switched off on purpose.  Current data should also be stored so that in the case of failure, the garage crew can determine a cause.  This system should be low power, small, and easy to install in the officer’s car.

 In order to make informed final component decisions and implement useful logic and features in software, some preliminary data on the police car system should be taken.  To do this, we will produce a preliminary system, modifying Team Five-0’s prototype design to allow for data collection over a three-month period.  The design will not have any switching capability, but will contain a larger EEPROM section to meet the requirement of three months’ worth of data.  It should also be smaller and something easy for the garage guy to install.  To collect useful data, we must first find a working remote sensor for the battery and alternator currents. 
3 System Description and Block Diagram

Main System


Our main system consists of five major functional blocks: sensing, switching, control, data storage, and a USB interface.  The general interaction of these blocks is outlined here:
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Control – The control block’s main component is the Microchip PIC18F4620 microcontroller.  It will accept an analog voltage input from the Allegro ACS75x current sensors in the sensing block and send a digital output to the Linear Technology LTC1255 MOSFET drivers in the switching block, controlling which auxiliary loads are on and off.  The microcontroller will be programmed poll its I/O ports connected to the sensor block and send state data via I2C to an EEPROM for storage and to a FTDI FT232R for conversion to USB for dumping to a computer.

Sensing – The sensing block can be broken into two: local sensing of auxiliary loads and remote sensing of the battery and alternator currents.  Local sensing is achieved with the Allegro ACS75x family of current sensors.  These sensors will output an analog voltage signal to PIC18F4620 microcontroller I/O ports.  Remote sensing is achieved with larger, coiled-wire transducer sensors that clamp around the battery and alternator lines.  These sensors will also output an analog voltage to PIC18F4620 microcontroller I/O ports.  

Switching – The switching block consists of Fairchild NDP7050 E-mode switching NMOSFETs driven by Linear Technology LTC1255 MOSFET drivers.  The drivers accept a digital input from the PIC18F4620 microcontroller I/O and drive the transistor gates on or off accordingly.  In addition to on-board MOSFET switches, there will be manual override flip switches that allow the user to cut out the system entirely and switch loads on or off.

Data Storage – The data storage block consists of a real-time clock and an EEPROM.  The block receives system state data from the microcontroller via I2C and stores this data along with the real-time clock’s value.  The EEPROM sends this system state and time information back to the microcontroller via I2C when a user is dumping the data to his personal computer via the USB interface.

USB Interface – The heart of the USB interface is the FTDI FT232R UART to USB peripheral controller.  This IC accepts data from the microcontroller USART and acts as the USB transmitter to the user’s computer.
Data Collector

Our data collection system has all of the same major blocks as the main system with the absence of switching.  The only other difference is the enhanced data storage block.  We’ll limit our description to this block, as all others are unchanged.  The general interaction of these blocks is outlined here:
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Enhanced Data Storage – The enhanced data storage block involves a larger EEPROM that is capable of storing three months’ data.  We’ve decided to use four Microchip 1 Mbit I2C EEPROMs.  Each save state will contain less than 16 bytes of data, thus we will buffer 16 save states in the microcontroller before sending every 256-byte page to the EEPROM.  This will allow for one save every five minutes.

4 System Requirements

4.1 Overall System:


The system should have power terminations for the battery and the auxiliary loads.  When installed, the system should be able to sense the auxiliary currents locally and the battery and alternator currents remotely.  The system will also sense the battery’s voltage locally.  The sensed data will be stored at times controlled by the software and used to determine when auxiliary loads should be switched off.  Stored data will be dumped to a computer via a USB interface for analysis.  In the event of low battery charge, the system should switch off loads in a prioritized manner.  The monitoring section of the software originally written by Team Five-0 and modified by us will control the switching.  There will be manual override switches on the unit that allow you to bypass the system and turn each load on or off directly.  


The system should be low power, compact, and easy to install.  In the event of a failure, the system should fail “on.”  The system should be able to withstand the automotive environment including high temperatures and many vibrations.

4.2 Subsystem Requirements:

Control – The control subsystem should have a microcontroller with enough I/O ports to receive analog signals from the sensors and send digital signals to the MOSFET drivers.  The microcontroller should be able to do A/D conversion and an I2C interface to the EEPROM and the FTDI FT232R.  The Microchip PIC18F4620 has already proved its capability in Team Five-0’s design.  The microcontroller is low power and cheap.

Sensing – The sensing subsystem should have sensors that are capable of handling the battery, alternator, and auxiliary current loads.  They should output an analog voltage signal to the microcontroller and be low power.  There will necessarily be different sensors used for the remote sensing of large battery and alternator currents than are used for the auxiliary loads.  The Allegro ACS75x family of Hall current sensors used in Team Five-0’s design meets these requirements for the auxiliary loads.  For the large remote loads, we are investigating several other options.  A discussion of these options can be found in section 5.

Switching – The switching subsystem should have on-board switching controlled by the control subsystem as well as manual overrides.  Both switching systems will need to be able to turn off large current loads.  Team Five-0’s system of Fairchild NDP7050 E-mode switching NMOSFETs driven by Linear Technology LTC1255 MOSFET drivers has proven itself to be sufficient.

Data Storage – On our main system, a single EEPROM should be sufficient to collect enough data leading up to a failure.  Our data collector, however, will require more as described in sections 3 and 5.
USB Interface – In order to keep the progress made on the control section intact, the added USB interface shouldn’t force us to choose a new microcontroller.  To this end, we will use the FTDI FT232R to allow us to interface our microcontroller’s USART with a computer via USB.

4.3 Future Enhancement Requirements


Eventually, surface-mount components should be used.  Other possibilities include separating the power and control boards and interfacing them using two microcontrollers.  The are interesting products on the way from Delphi and Analog Devices that use a shunt resistor and an IC for remote sensing of a car battery’s current, voltage, and state of charge.  Currently, the heat sinking used is a “best-guess” solution. Heat issues should be studied more thoroughly in the future.

5 Low Level Design

The Control Subsystem
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The Microchip PIC18F4620 microcontroller provides most of this subsystem’s functionality.  We will begin with a discussion of how this microcontroller meets our requirements:

-I/O and A/D Considerations:

The 18F4620 has 36 I/O ports.  Thirteen of these are multiplexed to the built-in A/D converter.  Our system requires only nine of these for sensing six auxiliary currents, one battery current, one alternator current, and one battery voltage.  This leaves 27 I/O ports for digital use, and this is just enough.  

	Pin Name
	Use
	Pin Name
	Use

	A0/AN0
	Suite 1 A/D
	B3/AN9
	Up Button

	A1/AN1
	Suite 2 A/D
	B1/AN10
	Menu Button

	A2/AN2
	Suite 3 A/D
	B4/AN11
	Down Button

	A3/AN3
	Suite 4 A/D
	B5/AN12
	Set Button

	A5/AN4
	Suite 5 A/D
	A4/TOCKI
	USB enable

	E0/AN5
	Suite 6 A/D
	A6/CLKO
	Crystal

	E1/AN6
	Alt Current A/D
	A7/CLKI
	Crystal

	E2/AN7
	Bat Current A/D
	C0/T10SO
	Suite 5 Switch

	B2/AN8
	Bat Voltage A/D
	C1/T10SI
	Suite 6 Switch

	Pin Name
	Use
	Pin Name
	Use

	C2/CCP1
	LCD control
	D3/PSP3
	Suite 4 Switch

	C3/SCK
	Clock to EEPROM
	D4/PSP4
	LCD bit

	C4/SDI
	EEPROM data
	D5/PSP5
	LCD bit

	C5/SDO
	LCD control
	D6/PSP6
	LCD bit

	C6/TX
	UART to FT232R
	D7/PSP7
	LCD bit

	C7/RX
	UART to FT232R
	B0/INT
	USB full

	D0/PSP0
	Suite 1 Switch
	B6/PGC
	Programmer

	D1/PSP1
	Suite 2 Switch
	B7/PGD
	Programmer

	D2/PSP2
	Suite 3 Switch
	E3/MSRST
	Push button reset


The FT232R requires two more I/O ports than the serial interface used previously.  The addition of 3 more EEPROMs in our data controller also does not affect I/O use since 4 addressable EEPROMs can be operated from a single bus.

-Processing Considerations:

Team Five-Oi expressed concern over the fact that the UI menu interrupts the main control function.  We feel that this is acceptable as long as care is taken in the programming.  Instead of waiting for the “set” button to be pushed or for the menu timout to run the control function, the control code should be run quickly in the background every time the user presses a button or on a shorter timer that does not exit the UI menu.  The microcontroller is easily fast enough to take, process, and store A/D port readings upon an interrupt without any long delay to the UI menu program.

-Power Considerations:

The microcontroller is low power with the ability to sleep or idle when not processing a task.  The microcontroller’s power consumption should be permissible at all times.


Now that we know our microcontroller can handle the requirements of our design, we will look more closely at its function in each task:

-Analog to Digital Conversion:

The 18F4620 has a built-in 10-bit A/D module for converting analog inputs into “raw” numbers between 0 and 1023.  The MCU stores the raw data in an EEPROM.  When dumping the data or displaying it on the LCD screen, the raw value is converted in software to a meaningful value using the sensor’s characteristic.  

-Monitoring Battery Health and Vehicle State:

To make informed decisions in some of its other tasks, the microcontroller should maintain some state variables in software that reflect the health of the battery and whether the car is on or off.  To determine whether the car (engine) is on or off, the 18F4620 should examine the alternator current level.  A significant output of current from the alternator indicates that the engine is running.  To determine whether the battery is in a healthy or critical state when the car is on, the 18F4620 should examine the alternator current relative to the outgoing battery current.  If the alternator current is larger than the outgoing battery current, the battery is safe. If the outgoing battery current exceeds the alternator current, the 18F4620 should set the state to “critical on.”  To determine whether the battery in a healthy or critical state when the car is off, the 18F620 should examine the outgoing battery current.  If the battery current is abnormally large for a vehicle that is turned off, the 18F620 should set the state to “critical off.”
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-Auxiliary Current Shedding:
The 18F4620 uses six digital output ports to control the Linear Technology LTC1255 MOSFET drivers.  If the microcontroller sends a high signal to the input of an LTC1255, the LTC1255 drives the gate of the connected FET higher than its source, thus keeping that suite’s current on.  If the microcontroller sends a low signal to the input of an LTC1255, the LTC1255 keeps the gate of the connected FET equal to the source, thus switching that suite’s current off.  In software, the microcontroller will use information about current loads from the sensing subsystem to determine the overall system’s state as shown in the above diagram.  Each of the four overall system states is associated with a loop that switches off auxiliary loads if necessary.

-Programming the MCU:

Programming the MCU requires only a data (B7) and a clock (B6) port.  These are hooked up to jumper 7 in the schematic.  With this setup, the microcontroller can be easily programmed in the board.

-LCD Display:
The 18F4620 uses 4 I/O ports, D4-D7, as a 4-bit data bus to the LCD display.  It uses two additional ports, C2 and C5, to control the data sent to the display.  Things sent from the microcontroller to the display include the date and time from the DS1337 I2C real-time clock and the menu interface stored in the microcontroller.  The 18F4620 also sends warning messages and status updates to the LCD display.

-User Interface Buttons:

The 18F4620 uses four I/O ports as inputs from the four user interface buttons (B1, B3, B4, and B5).  The “menu” button interrupts the program that is running on the microcontroller and begins the UI code.  The “up” and “down” buttons, when high, indicate a navigation attempt from the user.  The “set” button is used to select options.

-Data Control:
The 18F4620 must write data from the A/D converter results registers and the I2C real-time clock to an EEPROM.  It also must read data from the EEPROM via I2C.  In our data-collector design, the MCU must also select one of four EEPROMs to read or write.  The MCU provides a master clock while reading or writing an EEPROM.  The MCU also sends data to the FTDI FT232R in the event of a data dump.  These functions are explained in more detail under the data storage and USB interface blocks.

The USB Interface
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We are replacing the RS-232 serial interface from last year’s design with a USB interface.  In doing so, we removed the Maxim RS-232 transceiver from the design and replaced it with an FTDI FT232R chip.  Since USB uses a scheduled system to transfer data, there exists the danger of losing data if handshaking is not used [1].  We’ve hooked up the RTS and CTS pins of the FT232R to I/O ports B0 and A4. The MCU can pull the CTS pin low to enable data transmission from the FT232R.  The FT232R signals to the MCU that its receive buffer is full by dropping RTS low.


Serial data is sent to the FT232R’s RXD pin from the MCU port C6 (TX).  Serial data is sent from the FT232R’s TXD pin to the MCU port C7 (RX).  Four capacitors and a ferrite bead are used to clean up the bus-powered FT232R chip.  We are using the internal clock and EEPROM.  The FT232R handles all USB handshaking between it and the computer.

The Sensing Subsystem
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-Auxiliary Current Sensing:

Our load current sensing elements are the Allegro ACS75x chip. This monolithic IC features a Hall effect current sensing element capable of operating linearly with up to a 50A current. They have two pins for the measured current to flow through and three pins for the sensing portion of the device. These segments are isolated with a 3kV breakdown rating ensuring that our microcontroller is not exposed to the load voltage. The sensing side of the device has a ground pin, power pin, and voltage out pin. The output pin returns a voltage proportional to the current flowing through the device centered at Vin/2 so that the device can report positive and negative currents. This output will be digitized by the microcontroller's 10-bit ADC and converted in software to a current value. Because the power to the devices will actually be flowing through this sensor it is important that it not fail open, leaving the potentially critical device unpowered. Therefore careful consideration was taken when choosing the sensor to minimize this possibility. These Allegro parts are rated to handle 5 times the current they are designed to measure without failing, which means that they can handle 250 A of current continuously. This is far beyond the current rating of any of the devices we are measuring, so the only way the Allegro will be exposed to this level of current is if the device and its protective fuse have catastrophically failed.
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-Battery Voltage Sensing:
Battery voltage sensing:  The battery voltage sensing will be handled by tapping into the 12V power line powering the entire board. This voltage will be passed through a linear resistor-based voltage divider cutting the voltage by a factor of 3 making the battery nominal voltage 4V. Car electrical systems have a fairly wide range of operating voltages when the alternator is turning but the nominal value is typically 14VDC meaning that when the car is running the microcontroller will see approximately 4.66VDC. This is relatively close to 5V and has a significant probability of exceeding 5V during transients, so to protect the microcontroller it will be fed through an op-amp voltage follower operating from our regulated 5V supply clamping the input to the microcontroller's ADC pin to 5VDC. This again will be read into the microcontroller using its on-board 10-bit ADC and converted into a voltage value in software.
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-Alternator current sensing:

Since the alternator current for a typical police cruiser is under 200A nominal, we found the Allegro ACS75x part capable of reading this current. This is an inexpensive and from all our understanding reliable current sensing device, and will be easy to incorporate into our system. This unit has the same configuration and basic features of the Allegro ACS75x used in the load current sensing, except it is rated to handle 200A and is a unidirectional part. To incorporate this sensing element into the alternator current path, we will manufacture a small board featuring it, an op-amp voltage follower, and a pair of appropriate terminal lugs and place it into a weatherproof insulated housing. A signal and power cable will deliver 5VDC to the Allegro part and return the voltage output signal back to the main unit. Because the raw analog voltage signal will be traveling in the electrically noisy engine bay and the Allegro part seems to have a relatively high output impedance, we will reinforce this signal with an op-amp voltage follower to increase the signal's resistance to electrical noise. This signal will then be digitized by the microcontroller's 10-bit ADC and processed in software.
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-Battery current sensing: 
Measuring the battery current is particularly challenging due to the fact that current into the battery can vary from anywhere between a (negative) charging current on the order of 10-50 A up to the starting current on the order of 500-1000A. After a bit of research we have determined that modern cars have two positive battery cables, one to the starting solenoid, and another to the main power distribution box for all the other loads, so we can neglect the huge starting current in our current sensor design. Still, the battery potentially delivers more than the 200A limit of the largest Allegro current sensor during times such as the car off with all the police accessories running, so we need a sensor capable of reading this level. After considering Hall effect sensors, due to price and availability we have decided on a current shunt placed between the battery and the car's power distribution box. This shunt simply utilizes Ohm's law to linearly convert the current into a small voltage drop that we can measure and interpret as a current. As far as sizing of the shunt, tentatively we are looking at a 400-500A unit with a voltage drop of 50mV at full current manufactured by Empro Shunts. We intend to finalize this sizing ASAP by talking to the radio shop at the SBPD. Either way, since shunts are designed for standard voltage drops our analog board design will be independent of the size of the shunt and any compensation will be done in software.


The battery current sensor will be mounted with contact lugs in a weatherproof housing designed to fit in-line with the car's battery cable. From this housing back to the main board will be the voltage on the battery side of the shunt and the voltage on the load side of the shunt. Since these voltage sources are very low impedance no op-amp isolation is necessary to get them into the cabin. The analog hardware necessary for this shunt will be on the main board inside the cabin and consists of an op-amp configured as an amplified difference amplifier bringing the voltage difference provided by the shunt up to full swing of the microcontroller and removing the 12V DC offset of this differential. Following this we will pass this value through a 5V clipping voltage follower before passing the voltage into the microcontroller's ADC pin.

The Data Storage Subsystem


Because our unit is acting to help police agencies track down problems with their vehicle's electrical systems, it needs to take snapshots of the state of all the measured values with some regularity. Since the system is intended to be used to determine the failure of a car's electrical system, it must be able to retain this data even if external power is lost. A battery backed solution would work but  is more complicated than is necessary for this application. Therefore, we chose to use nonvolatile memory in the form of I2C EEPROMs to store the historical measurements. These chips can interface directly to the microcontroller's I2C bus for ease of programming and have a data retention rating of over 200 years so they will work perfectly for this application.
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-Data Collector:
For our data collector module, we wish to take many snapshots of the system so that a diagnostic technician can analyze them to see what the problem is. We decided for a baseline we would strive for taking and storing a reading every 5 minutes for a 3 month period. This necessitates the ability to store 26784 frames of data. To determine how big the EEPROM needs to be, we need to calculate the size of our frames. In each frame we need to store 9 10-bit ADC readings and a timestamp. These ADC readings will take 90 bits of data storage and the timestamp, using a unix-style format, will consume 32 bits of data. For programming ease, a power-of-two sized frame is desired, leaving us with a 128-bit (16-Byte) frame. The data we wish to put in the EEPROM is 122 bits, leaving us with 6 extra bits to apply a parity check such as a 6-bit CRC to detect errors in transmission of the data that would invalidate the samples contained within it.

With the 128-bit frame size and the number of frames we wish to take, we will need 4 Mbits of EEPROM storage to store the data. The largest  I2C EEPROM manufactured by Microchip is the 1Mbit part 24LC1025 so we will need to daisy-chain 4 of these on the  I2C bus. Fortunately the 24LC1025 allows up to 4 ICs to be daisy-chained together so these chips are a viable solution.

-Main Unit:
For the switching power control unit, we are not as interested in data collection over the long haul so we will only use 1 512kbit  I2C EEPROM and store the last 4095 data points collected. This will simplify the board layout since additional memory capacity is not really needed on the switching control board and will just serve to complicate the design.

The Switching Subsystem
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Our main switching control block is comprised of Fairchild NDP7050 switching NMOSFET transistors driven by Linear Technologies LTC1255 MOSFET drivers. The Linear FET drivers accept a digital input at the IN pin from the microcontroller and switch on or off the Fairchild NFETs.  If the input to IN is high, the FET driver increases the potential difference between the gate and source well above Vs, turning the transistor on. The NFETS are in series with the flow of current from the main battery to each auxiliary device and can withstand a high current going through them. These high-current transistors serve as cutoff switches that will disable an auxiliary load when the microcontroller pulls the IN pin low. This Linear Technologies FET driver maintains zero potential difference between the gate and source to turn the e-mode transistor off. There will be 3-way toggle override switches that will allow the user to directly turn an auxiliary load on or off manually. For the data controller, there is no switching sub-block, and this includes hardware override switches.

6 Preliminary Bill of Materials

	Part Description
	Price ($ to make 1000)

	Current Sensor
	$106,620.00 

	75 A MOSFET
	10320

	MOSFET Driver
	9000

	Rectifier Dide
	80

	Zener Diode
	360

	3K Resistor
	560

	CAP TANTALUM 33UF 16V
	700

	CAP 100UF
	345

	CAP 220UF 25V
	83

	CAP 22PF 200V 5%
	154

	CAP CER 47000PF 250V
	360

	20 k pot
	1410

	10K Ohm Resistor
	20

	20K Ohm Resistor
	20

	8-pin sockets
	900

	16-pin socket
	150

	512K mem. Chip
	1780

	op-amp, single 15 V source
	430

	USB connector
	644.21

	Red Momentary Buttons
	4680

	1k SIP resistor pack
	210

	Molex conection for momentary
	720

	Molex connection for LCD
	300

	16-pin IDC conn.
	2010

	10 MHz crystal
	360

	Fuse holder (blade type)
	1945.26

	3 Terminal Screw Clamp
	9290.64

	0.250" Rubber Grommet
	705.48

	0.125" Rubber Grommet
	85.3

	0.500" Rubber Grommet
	629.3

	11W Heatsink for Vert 220 pkg
	35448

	Chassis Alum. 10x17x4
	30841.73

	Chassis Bot. Plate 10x17x4
	7114.83

	FT232R
	402

	LCD Character Display
	11480

	18F4620 Microcontroller
	8230

	DS1337 Time Chip
	8230

	On-off-on illum. Toggle switches
	47400

	High-Impedance Reciever
	2900

	Voltage Regulator
	848.64

	Crystal 32.768KHZ 12.5PF
	1730

	Push Button Switch
	130

	CAP 1mF
	8250

	1K Resistor
	390

	100 Ohm Resistor
	520

	Connector Header 4 Pos.
	1660

	Connector Header 8 Pos.
	3810

	Receptable Housing 4 Pos.
	780

	Receptable Housing 8 Pos.
	1500

	Autofuses
	3000

	500A Shunt
	24,080

	
	

	
	

	
	$143.85 per unit * 

	
	$143,844 per 1000 * 


*Values calculated by subtracting the cost of components removed from Team 50i’s design and adding the cost of components we added.  It’s a preliminary estimate.

7 Conclusions


The collaboration between Notre Dame and the South Bend police department excited the community, and the project was picked up by the local news media.  This coverage exposed the project to a wider audience and the design team garnered interest from other public service departments and even a television camera crew.  As the scope of the problem, and thus the number of potential customers, grows, motivation for continuing and advancing the project increases.  In May 2008, this project should look like a second iteration of a product design; that is, it should do everything the first iteration did right and more.  We will be closer to our goal – a usable and marketable product.
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