Fall 2007

High Level Design

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: that generated by the alternator, leaving the battery, and being consumed by six loads common to a policeman’s car.  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 high level design, we reiterate the system’s requirements, build off of how last year’s team met them, 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.  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 this semester, 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 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 PIC18LF4620 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 SPI to an EEPROM for storage and to a Maxim 3420E 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 PIC18LF4620 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 PIC18LF4620 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 PIC18LF4620 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 SPI 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 SPI 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 Maxim 3420E USB peripheral controller with SPI interface.  This IC accepts data from the microcontroller via SPI and acts as the USB transmitter to 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 SPI 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 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 SPI interface to the EEPROM and the Maxim 3420E.  The Microchip PIC18LF4620 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 Maxim 3420E to allow us to interface our SPI microcontroller 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.  Currently, the heat sinking used is a “best-guess” solution. Heat issues should be studied more thoroughly in the future.  

5 High Level Design Decisions
Since we are continuing a project that already did many things well, there are only a few major design decisions for us to consider at the high level:

Remote Current Sensor
One of the most significant high-level design decisions to be made at this point in the design process is what current sensors to use to monitor battery and alternator currents. These remote current sensors need to be easy to install, capable of handling the maximum currents expected to pass on the cables they are monitoring, and designed to withstand the harsh under hood environment. 

The easiest-to-install current sensor would be a split-core design, where the installer could simply snap the current sensor closed over the cable. If a split-core transducer is not available at a reasonable price for our application then a standard thru-hole transducer will be acceptable as long as the hole is large enough to pass the cable and battery-end termination through. Also for ease of use, we wish to minimize the number of wires going through the firewall from the in-car unit to the remote sensors.

Because the cables to these sensors will be passing through an electrically noisy environment, we need a robust signaling scheme from the transducer back to our microcontroller so that the signal is not corrupted over this run. A current loop would be ideal for these conditions, since its termination is relatively low impedance. The 4-20mA standard would be nice because 4mA represents a zero-value both giving you a signal that the transducer is working and keeping the working range of the loop between 4 and 20mA. The fact that the minimum current on the loop is 4mA is nice because it means that induced currents will have a smaller effect on the low end of results than if the loop went down to 0mA. If a current transducer with a current loop for output is not available in our price range, then it will be necessary to utilize a transducer with a voltage loop output. Because an op-amp input pin is very high impedance, we should load the loop with a resistor to the minimum impedance value allowed by spec to minimize the voltage swings caused by induced current.

Since these remote inputs are coming out from under the hood to a sensitive microcontroller input pin, the microcontroller needs to be protected from potentially destructive voltage spikes on its input pins. Our method of doing this is to adjust the level of the input to 0-5V with linear components if necessary, then pass it through a voltage-following operational amplifier powered from GND and our regulated +5V making it such that the widest possible output voltage range from this circuit is 0-5V, protecting the microcontroller from harm.

The current sensor needs to be linear within the expected operating current range of the police cruiser. The 2006-2007 prototype assumed that this range was 0-200A, so we will use this as a baseline. Before we select the particular current sensor we need to use a handheld clamp meter on a SBPD cruiser with all the accessories on to obtain a reasonable maximum value to use for sizing these sensors. Because we are working with a finite resolution ADC in our microcontroller, the current sensor needs to have a range as small as possible yet as large as necessary so that we are not wasting much of the dynamic range of the ADC. Depending on exactly where in the car’s electrical system the sensors are placed (I.E. if the starter motor is along the path we are measuring) the sensor may need to be capable of surviving an order of magnitude more current than this (around 500-1000A) during transients. It is not important that we be able to measure the exact value of these transients, so the transducer need not include them within its linear range, but it must not receive damage when exposed to the highest current transient expected on the conductor it is measuring.

Finally, these transducers need to be capable of withstanding the relatively harsh environmental conditions of living under the hood of a police cruiser. They must be able to survive and be accurate in under hood temperatures and be able to survive in a wet slightly corrosive environment. These are not unusual requirements for a device such as a current sensor, but they do add to the cost of the sensor and cabling/connectors and narrow down the field of possible transducers.

Data Storage
Because our “data-collector” unit must be capable of storing many samples, 3 months worth sampled every 5 minutes, equaling 26784 samples, we will need enough memory in the form of serial EEPROMS to hold this data for processing and interpretation. Our microcontroller has a 10-bit ADC, so each sample will be 10-bits. The unit will sample 6 channels of device current, car battery voltage, battery current, and alternator current, for a total of 9 10-bit ADC inputs. This means each frame will have 90 bits of ADC data. It will be easier to implement EEPROM I/O if we make our frames a power of 2 bytes long, so 90 bits will require a 16-byte frame. This leaves us with 38 bits to use for a timestamp for each frame. Since Unix manages to span 68 years of time with a single 32-bit integer representing seconds from 000GMT Jan 1 1970, 38 bits should be plenty of memory to store time-stamp.

The largest SPI Serial EEPROM Microchip manufactures is a 1-Mbit chip, Microchip part 25AA1024. Assuming a 16-byte frame, we will need 4 1-Mbit EEPROMS connected via a daisy-chain topology. These EEPROMs have a 256-byte page size, meaning that we will need to buffer 16 of our frames before burning a page to the EEPROM. Hopefully our software will be able to buffer this in the microcontroller’s onboard memory but if not we may need to use a SPI SRAM chip to buffer the data.

Since the EEPROM has no way to tell the microcontroller where it is in the memory, our software will need to keep some sort of EEPROM pointer to the current record so that the microcontroller knows where to write the next page. This pointer needs to be kept in some sort of nonvolatile memory so that the unit does not overwrite important telemetry if the power does fail. Finally, we need to address what to do when the device runs out of memory. Our two primary options are to loop over and start overwriting the oldest samples, or to light some sort of malfunction indicator and simply stop writing data to the EEPROM.
6 Major Component Costs
	Major Component
	Part Number
	Price/unit
	Estimated Quantity
	Total Price

	Device Current Sensor
	ACS755-LCB-050-PFF
	$5.54
	6
	33.24

	Alternator/Battery Clamp Sensor
	Unknown
	 
	 
	0

	MOSFET Driver
	LTC1255CN8-ND
	$3
	3
	9

	11W Heatsink for Vert 220 pkg
	294-1029-ND
	$5.91
	6
	35.46

	Chassis Alum. 10x17x4
	377-1030-ND
	$30.84
	1
	30.84

	75 A MOSFET
	NDP7050-ND
	$1.72
	6
	10.32

	EEPROM Storage Chips
	25AA1024
	$2.43
	4
	19.44

	RS232 Driver
	296-13322-1-ND
	$2.90
	1
	2.9

	LCD Character Display
	NMTC-S20200BMNHSGW
	$11.48
	1
	11.48

	18LF4620 Microcontroller
	PIC18LF4620-I/P-ND
	$8.23
	1
	8.23

	DS1337 Time Chip
	DS1337+-ND
	$8.23
	1
	8.23

	USB Interface Chip
	MAX3420E
	7.45
	1
	7.45

	Voltage Regulator
	LM2937ET
	$0.85
	1
	0.85

	Crystal 32.768KHZ 12.5PF
	631-1001-2-ND
	$1.73
	1
	1.73

	 
	 
	 
	 
	 

	Total 
	 
	 
	 
	169.5


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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