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ABSTRACT

Improper tire pressure is a safety issue that tiesnobverlooked or ignored. A drop in tire
pressure by just a few pounds per square inch (E®i)result in the reduction of gas mileage,
tire life, safety, and vehicle performance. To &idrthis problem, an automated system that will
alleviate the need for actively maintaining tiregsure was designed. This report documents the
design process for an onboard tire pressure maragesystem (TPMS) consisting of a
centralized processor, air compressor, air comables and rotary seals near each wheel. The
rotary seals allow the air line to transfer frone tthassis to the wheel without entanglement.
The system takes periodic tire pressure readindsraakes adjustments according to the desired
pressure setting. TPMS comes with several pre-défiite pressure settings and allows the user
to enter their own pressure setting if needed. daressettings, current pressures and flat/leak
notifications are all displayed on a liquid crystiidplay (LCD) located in the dash. This system
will take the maintenance out of upholding tirega@re and increase tire life, fuel efficiency and
vehicle safety and performance.
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1 INTRODUCTION

The majority of automobile drivers do not adequatelaintain their tire pressure, even
though they lose approximately one to two poundssgaare inch (PSI) of air pressure a month.
Underinflated tires cause a greater contact suidaea with the road, resulting in higher friction
between the road and tire. This significantly dases tire life and fuel economy. According to
Doran Manufacturing, when tires are 20% underiaflattire life and fuel economy can be
reduced by 30% and 3% respectively [1]. Vehicladiag characteristics are also adversely
affected due to low tire pressures. Stopping dcsarnncrease and the driver experiences a loss
of steering precision and cornering stability. Wdh these undesirable effects, proper tire
pressure should be of greater concern. The Natibligthway Traffic Safety Administration
(NHTSA) statistics show that 660 fatalities and0B®), injuries occur every year as a result of
low-tire pressure-related crashes [2]. The mairsara for incorrectly inflated tires include
vehicle owners not knowing proper tire pressurescéstain conditions, difficulty finding an air
pump, lack of a pressure measuring device, and reergke lack of concern. The Rubber
Manufacturers Association has estimated that obhtyut 19 percent of drivers properly check
their tire pressure [3]. These facts show thatsaesy is needed to maintain proper tire pressure
for optimal performance in a variety of driving abtions. This report will discuss the design of
a system that makes pressure adjustments to thieanal rear tires separately through the use of
a user control interface. The system consistsadrdralized air compressor, a reservoir storage
tank, and solenoid valves to control the directidrair flow. An MSP430, a microcontroller
from Texas Instruments, is used to control theesyst The designed system also provides
several preset pressure settings. This allowsutex to adjust pressures based on driving
conditions.



2 HISTORY/EXISTING |IDEAS

A tire pressure monitoring system is not a new .idigafact, the first monitoring system was
installed in select production cars in the mid 1880Such additions were limited to hi-end
vehicles and remain absent in today’s productios.chlowever, on March 1, 2005, the National
Highway Traffic Safety Administration (NHTSA) andepartment of Transportation (DOT)
created a final rule which forces car manufactutemmclude a tire pressure monitoring system
in every vehicle under 10,000 pounds [4]. Thideys“must warn the driver when the pressure
in any single tire or in each tire in any combioatof tires, up to a total of four tires, has falle
to 25 percent or more below the vehicle manufactirecommended cold inflation pressure for
the tires” [4]. This bill, named Transportation d@# Enhancement, Accountability, and
Documentation (TREAD) Act, was pushed into effegtftrmer President Bill Clinton after the
Firestone tire recall. Firestone tires were respme for over one-hundred deaths due to tire
blowouts in sport utility vehicles (SUVs) and reas much attention from the general public as
well as Congress.

Although a monitoring system will alert a driver &y underinflated tire, the driver must
manually fill each tire to the recommended levehgsan outside air source. Commercial and
military trucks have been using systems which aatarally inflate the tires using an onboard
air source. “As early as 1984, GM offered the wntire inflation systems (CTIS) on
Commercial Utility Cargo Vehicle (CUCV) Blazers apitkups. CUCV’s are essentially full-
size Chevrolet Blazers and pick-ups that have apequipment added for military applications.
These types of trucks have been used by the Ul8anyisince the mid-1980s” [5]. A system
currently integrated into the GMC Hummer is showifrig 1.
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Figure 1: GM Hummer tire pressure maintenance sstem. [5]



Although systems exist for monitoring the pressuaréres, few systems exist which allow
automatic inflation and deflation for vehicles ihet public market. Systems currently in
development include a peristaltic pump, Fig 2, all &s others which are in the prototype stage.

Peristaltic Pump

AlR

As the fire rotates, air is drawn through the valve into the reservoir
part of the lube and is then pushed through the peristaliic part of the
tube by the rolling of the fire... The air then moves info the fire itself
unfil the tire reaches the comect pressure—the pressure of the
reservoir tube is equal to the fire pressure.

2004 HowStuffWorks

Figure 2: The peristaltic pump [5]



3 REQUIREMENT SPECIFICATION

The driving force behind the tire pressure managemsgstem (TPMS) was to solve the
incorrect tire pressure situation. Several keyeotiyes were set forth in order to design a
product which satisfies the problem and customeeeds.

3.1 TECHNICAL REQUIREMENTS

Ideally, the general requirement of TPMS was tontazn an automobile’s tire pressure
to the manufacturer’'s suggested tire pressure @r@2 PSI). Since pressure in the tire
varies with surface temperature, it was practicahgintain the pressure within 1 PSI of the
desired value. In conjunction with maintainingetpressure, TPMS also needed to display
the current tire pressure of all four tires withkih PSI of the desired value.

TPMS needed to have preset pressure settingsifferetit operating conditions. For
pulling a heavy load out of an incline at slow sigecrawling out of soft dirt, or
maneuvering through challenging terrain, a lowee tpressure is desired in order to
maximize traction. On the other hand, when traxeivith no external vehicle loading, the
tire manufacturer's recommended pressure settingeteto be used for optimal performance
and gas mileage. Similarly, when towing a heagidernal load at average to higher speeds,
a slightly higher tire pressure was desired.

If none of the preset settings were satisfactorytfie user, TPMS needed to have the
capability of setting the tire pressure betweenab8 45 PSI. In support of being user
friendly, the system needed to be built to be aationrequiring no user input. The system
also needed to have the capability of inflatingdeflating four 28 inch tires from 15 to 30
PSI within 12 minutes.

For safety and performance concerns, TPMS needbd tapable of notifying the user
of a flat or slow leak condition. When any tiresm@easured at a pressure of less than 10
PSI or any tire is 20% below the pressure of ahgmotire a warning for flat or possible leaks
would be displayed respectively. This would alldvwe user an opportunity to have the tire
serviced or replaced before failure.

In order to avoid modification to the vehicles ant electrical supply, the system needed
to be capable of operating off a 12 volt sourcabl@& | reviews the tire pressure management
system’s technical requirements, goal values, andthose values were verified.



Table | - Technical Requirements

Requirement

Goal Value

Verification

1. Passively maintair]
tire pressure.

Change in pressure less than 1 PSI ovj
24 hours

eHet pressure, measure afte
24 hours

2. Power use

Operate with vehicle’s 12V electrical
system.

Ensure operation with 12V
source

3. Inflation/Deflation
time

Inflate/deflate one 28 inch tire from 15
30 PSI within 3 minutes.

td/leasure time to
inflate/deflate tire.

4. Preset pressure
settings

Have preset pressure settings for norn
towing, off-road, snow /ice.

aljsually verify that user
interface includes presets.

5. Flat or leak
notification

Alert driver if a tire has a leak or has
gone flat

Test system for flat and leal
conditions.

6. Pressure display

Inform driver of the current tire pressur]
of the front and rear tires.

eSee if user interface display
tire pressure.

(%)

7. Automatic

Maintain tire pressure within 1 PSI of
target with no user input.

Test with no user input and
measure pressure

8. Pressure control

User will be able to set the tire pressur
between 15-45 PSI.

eTest system at both extremg
of the pressure ranges

117%
wn

3.2WEIGHTING FACTORS
When three proposed solutions were drafted, withddpabilities to meet the technical
requirements, certain design criteria were weightetielp aide the prototype selection.

It

was important that TPMS was user friendly. Siree grimary customer for TPMS was the
automotive market, it was vital that the system ldave a relatively high air flow rate, so
the customer would not wait long periods of timéwmsen pressure alterations. Although
noise was a bigger concern for cars than truck& 3 ®ould need to be relatively quiet and
present no sound discomfort to the user.

Due to the potential for operating in many envir@mts, it was important that TPMS had
the ability to be isolated from the environmenbr kstance, when a truck would be pulling
a boat out of the water from a launch ramp or dgvin off road environments such as snow,
mud, sand, dust, and rocks, TPMS would still neefinction properly.

Another criterion of importance was the budgethef system. The prototype cost needed
to be no more than $2,000 and production costbefystem needed to be less than $500.
See Appendix A for the prototype build budget. Séeveighting factors can be seen in
Table 1.



4 CONCEPT GENERATION

Based on the design criteria and technical requeremspecification, three conceptual design
solutions were evaluated. Two alternate solutiosswall as the chosen design are briefly
describe in this section. It should be noted, haxgethat all of the concepts described here have
significant similarities to designs that have allgdeen patented and systems in use today.
Therefore, these concepts should not be considgeredmpletely original; rather, they should be
viewed as designs modified to fit our vehicle math and design objectives.

4.1 CENTRIFUGAL AIR PumMPs ONWHEELS

The first alternate solution, which was considengds a centrifugal air pump for each
tire on a passenger vehicle. In this arrangement, dir pumps (one for each tire) would be
situated at the center of each wheel as seen I8 Bajow.

P Crooh air
- intake

Fresh air intake

=

Pump actuated by
spring of whee

"= Airflowto -
tire

Figure 3: Centrifugal Air Pumps on Wheels 3]

As the vehicle moves, the rotation of the wheel @ause air to be drawn in from the
surroundings, compressed, and then routed to hieAisolenoid would control whether the
air pump operated based on the pressure needs tfehThe system would be controlled by
a central processing unit (CPU) located on the clehiThe user would input pressure
settings to the CPU and the CPU would relay infaromato the individual tires via radio
frequency (RF) transmissions. This system wouldeHasen an automatic system that could
maintain a tire at a specified pressure. Theraraey downfalls to this design however. The
first being that the flow rate of air to the tisedependent on the speed the vehicle is moving.
Even at higher speeds the air pump could only mamggproximately 1-2 PSI per hour of
pumping capability [5]. This amount is more thaiffisient to maintain a tire at a constant
level, but it does not allow the user to change piressures for varying driving conditions.
Also due to the electronics and compressors loaateglach wheel, there would have been a
significant increase in component count of the aystdecreasing reliability and increasing
system cost. Separate power sources at each wbakl be needed to power solenoids and
provide RF communication. This would have increasaintenance of the system due to
having to change out batteries. Another downfallhaf’ing components located on each
wheel is that the components would be subjectédcteased vibration from not being on the
suspended part of the vehicle.



4.2HIGH PRESSURERESERVOIRS ON WHEELS

The second alternate solution would have consistednultiple high-pressure GO
reservoirs located on each wheel that would be ased source to maintain tire pressure. A
pressure regulator and solenoid along with thervegewould be used to maintain a desired
tire pressure. Like the centrifugal air pump santia CPU located on the vehicle would
control the system. This system would have hadga keinough flow rate to change tires
pressures for varying road conditions. Howeveg thulimited storage capacity, changing
tire pressures frequently would have led to aneased need to refill the pressure reservoirs
frequently, increasing system maintenance. Alse thservoirs would have added
considerable mass to the wheel, which could hawssesh a wheel imbalance. This
imbalance could have diminished handling and ridality characteristics due to increased
un-sprung mass. A lot of the same downfalls ofdatrifugal air pumps on wheels proposed
solution are shared by the high-pressure resesalution, due to the needed components
located on each wheel.

4.3 CENTRALIZED COMPRESSORSYSTEM

The centralized compressor system would consiata@mpressor and an air tank located
on the frame of the vehicle. Air would then be eslto the tires individually through a
rotary seal assembly (RSA) located on the axles Would enable the air to pass from the
static vehicle chassis to the rotating tire. Tine Wwould then be run directly to the wheel to
supply the air. With this design, all the electaswould be housed on the vehicle and run
off the vehicle’s electrical system so there wohkl no need to add an additional power
source. One of the benefits of the centralized cesgor system would be that there is an
unlimited air source, which would enable the usethtange pressure easily and quickly with
varying road conditions. Another benefit would beeduced component count, which would
reduce the cost and assembly procedure. The Brenefit would be a maintenance free
system, taking all the hassle of tire pressure teaance away from the user.

4.4 CONCEPT SELECTION

To aid in choosing a solution that best addreskedte¢chnical requirements, a design
decision matrix was used. This matrix evaluatethe# the designs. The decision matrix is
shown in Table Il. In evaluating the proposed desjag “1-5” rating scale was used where
“1” does not meet criterion, “3” partially meetsterion, and “5” completely satisfies the
design criteria. The design criteria were determhifnem the technical requirements.



Table Il - Design Decision Matrix

. o . Centralized Self actuated air | High pressure
Design criteria Weight )
Compressor system pumps on wheelg  reservoirs

Minimal maintenance 0.22 4 4 1
High air flow rate 0.13 5 1 4
Minimal un-sprung mass 0.09 5 2 2
Ability to char_lge desireg 0.22 5 2 5
Pressure easily
Low product cost 0.13 3 2 4
Minimal operation noise 0.04 3 5 5
Ease of design 0.04 3 2 4
Ability to isolate . 0.13 5 5 3
system from environment
Total Score 1 4.36 2.43 3.29




5 MECHANICAL DESIGN
Having scored the highest in the design decisiotnixydhe centralized compressor system
was selected as the design that best satisfie@thaical requirements and customer needs.

5.1 MECHANICAL PROBLEM DESCRIPTION

The main problem of the mechanical design wasnte to transfer air from the static
vehicle chassis to the rotating tire. A mechanmeaded to be designed that would reliably
transfer air between these two components. Thetisol is described in the following
section.

5.2FINALIZED DESIGN

The method used to provide compressed air to yhardic components of a vehicle has
been identified as a rotary seal assembly (RSA}eas in Fig 4. This seal consists of two
shaft seals which create an air chamber aroundotaéing axle. Air is supplied via tube to
the RSA air inlet. This air then travels into #iechamber where it surrounds the axle shatft.
The air does not leak out to the atmosphere didaotary rod seals which are capable of
holding a pressure of 500 PSI. They are able tath#® because they are specifically
designed to apply more force to the sealing susfasethe air pressure increases. The air
then escapes via tube to the awaiting tire.

Roller Bearing

Axle Shaft (Dynamic)

Air Outlet (Dynamic)

Air Chamber

Rotary Seal Assembly

“—Rotary Rod Seal
Ring (Dynamic)

Rotary Seal Assembly Housing (Static)

Drum Break Back Plate (Stafic)

Figure 4: Cross-section of the rotary seal assembly



The RSA design consists of two components, the R84sing (static component)
and the RSA ring (dynamic component). These twtspaeeded to be machined from
raw material. Two additional existing vehicle campnts needed to be modified to
accept the RSA assembly. However, if this desigrevio go into production, it could be
fully integrated into the existing assembly withduéstic redesign.
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6 ELECTRICAL DESIGN

6.1 HARDWARE

To control this system it was decided to use thePNE®, which is a microprocessor
made by Texas Instruments (Tl). This processorrhady features that made it a perfect fit
for the design. The MPS430 has many models withan product line to best suit an
application’s needs. The model chosen for thisgiesas the MSP430FG4619.

The first feature that made the MSP430 an attraatiwice for the project was the on-
chip analog-to-digital converter (ADC). The 12-lADC provided more than enough
resolution for measuring the voltages producedhleypressure sensors within the system. A
pressure sensor (part # MLHO50PGPO6A from Digi-Kewgs located inline with each
wheel. The MSP430 also provided an internal 2.5 ¥ reference for the ADC. Since the
ADC is included within the MSP430, starting conwens and capturing data was very
simple. The onboard ADC also reduced the numbeowfponents in the design, the overall
complexity, and the cost. One of the many intetmaérs in the MSP430 was used to create
a periodic interrupt. This interrupt was used égib ADC conversions. The MSP430 was
configured so the ADC would sample consecutive nkEnfor each conversion start signal
given. The eight channel multiplexer on the inpfitthe ADC allowed each tire to be
measured with the issuance of one conversion signal. Upon completion of all the
measurements the MSP430 issued another interruptiy the system the ADC was done.
At the assertion of this interrupt the system tbealuated the measurements and made the
appropriate decisions.

The ADC within the MSP430 was a successive appraton register converter (SAR).
This meant that the input voltage was sampleddapacitor array. This sampling produced
transient currents that required current to eitheeisourced to or from the ADC input pins.
This transient current could have created an emathe output of the pressure sensors if the
sensors were connected directly to the ADC inpitse preferred method for driving a SAR
ADC is with an operational amplifier (opamp) usedtuffer the input.

T1 produces many opamps, so picking one was aergilig task. Part of the challenge
was not just choosing one opamp of many, but fipdive correct one to suit the needs of the
design. The output of the pressure sensors’ a\wetiee range of 0.5 to 4.5V. The ADC
inputs could only accept inputs in the range obzer2.5V. This was assuming the use of
the internal 2.5V reference. To make this crosstive opamp needed to not only provide
the transient currents but also attenuate the ksighizdenuation with an opamp could be done
easily with the opamp configured in an invertingfeguration. This configuration would
yield voltages from -0.5V to -4.5V. This was naicaptable. Opamps could have been
configured in a non-inverting configuration, buetpain is usually limited to at least unity.
An opamp that could be configured in a non-invgrtaonfiguration and still attenuate the
signal was needed. The needs of the design werdoyntthe INA337. The INA337 was
found within TI's instrumentation amplifier produthe. The gain of the amplifier was
easily configured to the needed 0.5 with the usextérnal resistors. The use of an external
capacitance was also used to control the bandwidtie converter. This allowed for proper
transient response and attenuation. One INA337usad for each tire in the system, for a
total of four amplifiers.

Once the buffered sensor signal was measuredebpEIC the algorithm had to decide
whether to move air into or out of the tires. To this the MSP430 had to turn the
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appropriate solenoid valves on. The MSP430 couolddirectly provide the current needed
to operate the solenoid valves. To remedy thiblpro the Tl part ULN2803 was chosen.
This part consisted of eight darlington pair tratmis that could run on up to 50V and
provide 500mA per output pin. The MSP430 would/erihe inputs to the ULN2803 and the
outputs would drive the solenoid valves.

The system also needed to have a user interface. oOthe many ports on the MSP430
was configured to accept the inputs of a keypadrt 8ne was chosen because these pins
could be configured as interrupts. This allowesl dbftware to be written with events instead
of periodically polling the port to see if a pin svaressed. The keypad used eight pins to
decode which key was pressed. Pull up resistors placed on four of the pins. With this
setup port one was configured to use four pinsudsub and four pins as inputs. The input
pins were set to active an interrupt when any keg wressed. The interrupt algorithm is
discussed on the software section.

The MSP430 also had the ability to directly drivel&CD with its onboard LCD drivers.
Due to the limitation of time and budget an inexgea LCD was used. This display only
required the use of a standard UART connectionclwias also part of the MSP430. For
this reason the LCD drives within the MSP430 weoe used. Configuration for the LCD
was straight forward.

The last concern of the system was the power reapgnts. The solenoid valves, their
driver, and the air compressor needed a 12V souftlis was taken directly from the
vehicle’s electrical system. The pressure senandsthe INA337s needed to run on a 5V
supply. The MSP430 needed a 3V supply. Theseat¥ditional voltages were obtained by
using TI's LM317. These voltage regulators prodidae correct voltage by configuring
external resistors. The regulators also provitéedcurrent requirements of the system.

Tl was able to source all the electrical contgdtem needs for this design. The Tl parts
satisfied all the design needs of this project #wedprice points of the TI components made
them attractive. This combination met the conceshslesign and manufacturing. This
project demonstrates that Tl can provide one-shopging when designing a control system
for a consumer product.

A general connection of the system can be seehenelvel 1 functional decomposition
shown in fig. 5.

12



User Input LCD Display

g >
Compressor Power Compressor Enable

> MSP430 >
Pressure Sensor (4) Relay/Solenoid Valve Solenoid (4)

» INA337 =P m— Control >
ULN2803
A
+ 3.3VDC +

5 VDC | Voltage Regulators | 12 VDC
LM317

DC Power (12 V)

Figure 5: Level 1 Functional Decomposition

6.2 SOFTWARE

The MSP430 had the advantage of having many diftargerrupt modes that could be
programmed. For this reason an event style ofngpdias used for the system. Using one of
the internal timers of the MSP430, an interrupt weisto happen every 50ms. This amount
of time was chosen because it was slow enoughttatitiae much of the processor time and
it was fast enough to create a stable environnwerdif flow changes.

When the timer interrupt was triggered, the systeak measurements with the ADC of
each pressure sensor. The internal ADC of the N8Pdas an eight channel input
multiplexer so that each tire can have its own aeadn The MSP430 was configured so that
on conversion signal would cycle through all chasred the multiplexer connected to a
pressure sensor. Completion of the sequential inea®nts would trigger an interrupt that
signaled to the MSP430 the ADC was done.

At this time the system evaluated the measurentakén from the tires and determined
first if a flat tire condition was present. Thigndlition was defined as any one tire having a
pressure below 10 PSI. Next, the algorithm deteeahiif a leak condition was present on
any tire. A leak condition was defined as any treebeing 5 PSI below the level of any
other tire. This leak condition was not meant ébedmine of a tire was damaged, only to
warn the user that a problem could have been presen

If neither of the two previous conditions were fduthen the algorithm determined if the
system needed to adjust the pressure of any dfrdse This determination was made based
on a moving average of each tire. A total of 128asurements was averaged and used to
evaluate what adjustments needed to be made. nilinber of measurements gave a total
time of 6.4 seconds. This time was long enoughdhg impulses generated in the system,
such as hitting pot holes in the road, would ker#d out. This filtering mechanism was one
method used to help increase the stability of yis¢esn.

During adjustments of the tires, the averagingheftire pressures was reduced to eight
data points. This was done to ensure the presdugach tire was not adjusted too far above
or below the target value. The system was desitmée within + 1 PSI of the target value.
Once an adjustment was made and the tires wert® she correct pressures, the running
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average was reset . It took another 6.4 seconfitsebany further adjustments would be
made.

Once a decision for adjustment was made by thersya wait state was implemented.
The implementation of the wait state was needeéen&ure stability of the system. It was
found that the sensors would not take accurateingadof the pressures when air was
flowing to or from the tires. This error was cadis®y the gradient of the pressure, from the
high or low pressure reservoir to the tires. Thers would cause extreme overshoots and
undershoot within the system. This created osighain the algorithm and the port that
drove the ULN2803. This oscillation was too fast the solenoid valves to react to and so
they would not respond. The wait state consisfeshaking an adjustment decision. Then
allowing that decision to run for a fixed periodtimhe. Once the time elapsed the adjustment
was discontinued and the air flow was stoppedthittime the sensors were able to produce
correct readings. The algorithm would them make decisions once a new average was
completed.

Another event that took place within the systens wee user supplying inputs through
the use of the keypad. A key press on the key gemwkrated an interrupt signal to the
system. The system then evaluated the input atedl @ccordingly. This algorithm will be
discussed further in section 6.3 of the report.

6.3USERINTERFACE

To provide a functional system, a well plannedrusterface needed to be designed.
This interface consists of both a keypad and adiguystal display (LCD). Through this
setup, the user can monitor the current pressutmgse in each individual tire, manually
change the pressure, or change the pressure layisglene of four presets.

The main display shows four circles on the lefidhaide of the LCD with the pressure of
each tire written within the circle. Also withihé circles will be a reference to which tire
pressure it is displaying. The codes are FR, R, &d RL for front right tire, front left tire,
rear right tire, and rear left tire respectivel@n the right side, the target pressures for the
front and rear tires are displayed. If a flateak is detected, a warning will be displayed in
the bottom right corner of this screen. Figurd6éves this display.

Figure 6: Main screen
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If a user wishes to change the pressure by justtsed) a new number, a new set of
screens will be shown. First, the # key is entenddch takes the user to an axle selection
screen. This screen will display three optionshlaxles, rear axle, or front axle. This
screen is shown in Figure 7. The user then pregkieh letter corresponds to their
selection. Then, the main screen is displayedhefuser wishes to just type in a number
without choosing an axle, the last axle selectidhbe used.

Figure 7: Axle selection screen

Once the user presses the first digit, anotheesca®displayed. On this screen the user
enters the desired pressure, which will appeaherdisplay when they press the keys. Once
the correct pressure is shown, the # key is agaasspd to confirm the change in pressure.
This screen can be seen in Figure 8. Then the stagen will be displayed again, reflecting
the changes.

Figure 8: New pressure screen

The second method of changing the tire pressul® ishoosing a preset. If the user
presses the * key, a new screen will display a m&npresets including normal, highway,
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snow/ice, and off-road. The user must press titerleorresponding to their selection. This
screen is shown in Figure 9 below. Then the dis@aeturned to the main screen again
with the new changes reflected.

Figure 9: Default settings screen

With this user interface, the user has controth&f system. They are able to make
changes to the system and view when these chaageseffect. They should be able to
easily understand how the system is respondinigaaniputs. This level of interaction should
give the user confidence of the system’s functiiyal
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7 SYSTEM BuILD

7.1 ROTARY SEAL ASSEMBLY

7.1.1 GEOMETRIC DIMENSION AND TOLERANCE

Once designed, the TPMS rotary seal was geomdyridmhensioned and toleranced
to ASME Y14.5 standards. The proper toleranceshierseals perspective location in the
rotary seal were specified by Parker manufacturing.

7.1.2 MANUFACTURING

First, it was determined that the RSA could betloithe required specifications. The
machinist built the housing by turning the radialménsions with a lathe and
programming a CNC machine to cut the non-radialedisions.

To allow for an interference fit between the axhel dhe axle ring, the axle diameter
was turned on a lathe to its specified dimensio@sice the axle ring was built, it was
pressed onto the axle.

For final assembly the seals were installed toRB& housing using the recommend
grease, from Parker Manufacturing, for proper lcdtion. Then the housing slid onto
the axle and over the axle ring. Finally, all thieeel’s components were placed in their
perspective positions.

7.2 ELECTRICAL

7.2.1 HARDWARE

Once the electrical design was completed, the hameivihad to be fabricated and
assembled. Using Mentor Graphics 2005, a PCB lay@s created from the design
schematic. The schematic and PCB layout are showmppendices C and D
respectively. After creating the PCB layout, theatl was subcontracted out to
Advanced Circuits to be fabricated. After the hbavas fabricated, it had to be
populated by soldering all the electronic partgh® board. All of the electronic parts
that populated the board were ordered from Texstsuments.

Following the assembly of the board, it had to bbujged. First, a “smoke test” was
conducted. Power was applied to the system torenthat no components were
damaged. The board passed this test. Next, dariedlated functionality testing. Each
electronic component, like the opamps and voltagelators, were tested individually to
check that they were working properly. The andtghgital converter (ADC) was also
tested by applying voltages to the ADC inputs @ thicrocontroller to see if it produced
the correct output codes. Also, the range of tBeCAnputs was characterized to verify
linearity. This was done by sweeping through 2€cuidite voltages in the range and
making sure the outputs aligned with the expectggud codes. All of the components
passed the isolated functionality testing.

7.2.2 SOFTWARE

The software side of the electrical system includeiting and debugging code. All
of the code was written in C, using IAR imbeddedki@ench, which is a design tool that
came with the MSP430 microcontroller. Before awging began, flowcharts for the
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control outputs and the user interface were creafEdese flow charts can be seen in
appendices E and F. Code was then written in @pbement the structure of the flow
charts.

After all of the code was written and compiledhdd to be debugged. This was
accomplished by stepping through the code and wagalariables to confirm the outputs
were correct. The four LCD screens were also ety applying power to the system,
running the user interface portion of the code, et viewing the LCD. All of the code
was debugged successfully before integrating theharg@cal and electrical portions of
the design.

7.3 SYSTEM INTEGRATION

Once all of the individual electrical componentsreveerified and debugged it was time
to put all the components in the system togethér.was not until this time that the
adjustment algorithm could be tested. Variablesguee reservoirs were needed to verify the
algorithm worked as intended. To help with thetetysintegration a set of switches were
included on the printed circuit board. These shatc were used to override the control
signals to the solenoid valves and force them tdubeed on. The default setting for the
solenoid valves was the closed position.

By operating the solenoid valves as desired it p@ssible to force air into and out of
individual tires. In this manner different confrgtions could be implemented within the
system to see how the microcontroller would respoftie override switches also allowed
verification that the rotary unions did not havey &aks and that the system could be placed
in a state and maintain that state. A change &6 #0any one tire would be seen as a leak
and so the system needed to be able to maintassymeewithin these parameters otherwise a
false warning for a leaking tire would be givenheTleak warning is primarily to warn the
user if the tire is leaking due to a road hazartle system should not be the cause of leak or
flat warnings.
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8  TESTING AND DESIGN RESULTS

To ensure that TPMS satisfied the technical requergs, a test plan was devised to verify
each of the technical requirements was met. THewalg paragraphs describe how the system
was tested and the results.

To ensure that TPMS accomplished its main purpdsmaintaining the tire pressure to
within 1 PSI of desired level, the system was $&0aPS| and monitored for 1 day to ensure the
system could maintain the pressure at a set |&fedr 24 hours the system was checked and
tires both displayed a pressure of 30 PSI. This aextnated the ability of the system to
automatically maintain tire pressure. The systens ween turned off to simulate leaving the
vehicle overnight. This tested the systems abtlityhold air and not leak through any of the
connections or rotary seals. After 24 hours theesyswas checked. One tire displayed 29 psi
and the other displayed 30 psi, meeting the remérd of a pressure change of less than 1 psi
over a 24 hour time period.

To test the inflation and deflation times a 28 itic was set to 15 PSI. It was then inflated
to 30 psi in approximately 2 minutes. The tire waan deflated back to 15 psi in approximately
2 minutes and 45 seconds. Both of these times Imeeinflation/deflation time specified in the
technical requirements of three minutes.

Several functional requirements were verified tigloithe operation of TPMS . It was
verified that the system displays the current piressures to the driver, includes several preset
pressure settings, allows the user to manuallysagjressure settings and notifies the user if a
flat or leak has occurred.

All the testing was performed using a 12V sourddis ensured the system would operate
with a vehicle’s electrical system.
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9 CONCLUSION AND RECOMMENDATIONS

9.1 OVERALL FINAL FUNCTIONALITY

An automated system was developed that will altevibe need for actively maintaining
tire pressure. The rotary seal assembly allowscatransfer from the chassis to the wheel.
The system comes with several pre-defined tiregomessettings and allows the user to enter
their own pressure setting if needed. Pressurengsftcurrent pressures and flat/leak
notifications are all displayed on an LCD locatedtihe dash. This system will take the
maintenance out of proper tire pressure resultingareased tire life, fuel efficiency, vehicle
safety and performance.

9.2 EXPANSION POSSIBILITIES

Even though TPMS was designed for a solid axleaaomobile manufacturer could
easily integrate TPMS to any axle design. The TR¥M®@ponents consisting of the rotary
seal, user interface and electronics package, cbaeldntegrated with any automotive
configuration.

9.3 MASSPRODUCTION RECOMMENDATIONS

With an automobile manufacturer’s resources, théesaxvould be engineered to
incorporate the rotary seal to their drive assenalg the electronics would be integrated
with the vehicles current design. Because of massitity orders, a carbon faced seal would
be recommended for a better sealing surface andbirag life cycle.

Electronically, the user interface could be incogbed into existing display systems in
the dash. Through this configuration, the keypadld be eliminated and replaced by an
existing touch screen. By incorporating the usterface into current dash arrangements, the
user will be able to view the pressures on a maoiel screen than this prototype, making it
much more user friendly.
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APPENDIX A: BUDGET

Electrical Components
Part Name Part # Vendor Quantity Price Sub Total |Tax Total
Texas
INA337 INA337AIDGKT Instruments* 6 $4.50 $27.00 $27.00 $0.00
Voltage Texas
Regulator LM317KC Instruments* 2 $0.75 $1.50 $1.50 $0.00
MSP 430 MSP- Texas
Design Board FET430U100 Instruments* 1 $149.99 $149.99 | $149.99 $0.00
Relay/Solenoid Texas
Driver ULN2803ADW Instruments* 1 $0.75 $0.75 $0.75 $0.00
Optima Battery OPT8022-091 4 Wheel Parts 1 $109.99 $109.99 $8.91 | $118.90
Air Compressor | 15101.02 Tellico4x4.com 1 $109.95 $109.95 $0.00 | $109.95
Air Tank VIAIR-91020 Tellico4x4.com 1 $56.95 $56.95 $0.00 $56.95
Check Valve 6D917 Grainger 1 $7.75 $7.75 $0.63 $8.38
Pressure Switch | 5B419 Grainger 1 $18.30 $18.30 $1.48 | $19.78
Safety Valve 5A708 Grainger 1 $5.84 $5.84 $0.47 $6.31
Pressure Gauge | 5WZ11 Grainger 2 $7.14 $14.28 $1.16 $15.44
Pressure Gauge | 5WG97 Grainger 1 $10.48 $10.48 $0.85 | $11.33
Solenoid Valve | 6JJ52 Grainger 4 $27.20 $108.80 $8.81 | $117.61
Air Manifold MS0105 Al Manifold 1 $11.22 $11.22 $0.00 $11.22
Pressure Sensor | MLHO50PGPOG6A | Digi-Key 2 $79.80 $159.60 $12.93 | $172.53
| Prototype Electrical Budget $648.40 |
Mechanical Components
Sub
Part Name Part # Vendor Quantity  Price Total Tax Total
Rotary Seal Assembly NA IMS Machining 3 $133.33 | $400.00 | $0.00 | $400.00
Rod Sgueeze Seals 3" 9422K35 | McMaster-Carr 5 $5.29 | $26.45 | $0.00 | $26.45
Rod Squeeze Seals 1-3/4" | 9422K29 | McMaster-Carr 5 $4.61 | $23.05 | $0.00 | $23.05
Shoulder Bolt 2713B53 | McMaster-Carr 15 $1.55 | $23.30 | $0.00 | $23.30
Prototype Mechanical Budget $472.80 |
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Prototype Build

Component Name |Vendor Price

Air Fixtures Ace Hardware $17.13
Paint Ace Hardware $62.36
Miscellaneous Ace Hardware $50.40
Miscellaneous Ace Hardware $15.50
Zip-Ties Ace Hardware $5.71
Paint Ace Hardware $9.27
PCB boards Advanced Circuits $147.57
Metal AZ Iron Supply $127.97
2 tires Discount Tire $32.43
Mounting tires Discount Tire $10.00
Keypad Elliots $8.11
Hose, Dolly Harbor Freight $60.13
Casters Harbor Freight $16.17
Air Fixtures Home Depot $73.65
Wire Wheel Home Depot $5.37
Axle Independent Seller | $100.00
Poster Board Michaels $15.00
Tire Dismount R&G $10.00
LCD Display Sparkfun $66.55

Total Production Budget Estimated $833.32 |
Supplier Totals

Supplier Shipping Total

4 Wheel Parts $0.00 $118.90
Al Manifold $10.00 $21.22
Ace Hardware $0.00 $160.37
Advanced Circuits $0.00 $147.57
AZ Iron Supply $0.00 $127.97
Discount Tire $0.00 $42.43
Digi-Key $7.39 $179.53
Elliots $0.00 $8.11
Grainger $0.00 $175.55
Harbor Freight $0.00 $76.30
Home Depot $0.00 $79.02
IMS Machining $0.00 $400.00
Independent Seller $0.00 $100.00
Mc-Master Carr $9.40 $82.20
Michaels $0.00 $15.00
R&G $0.00 $10.00
Sparkfun $0.00 $66.55
Tellico4x4.com $22.10 $181.00
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Total Budget $2,000.00
Amount Spent $1,991.72
Available $8.28
Comments:

1. *=Free Components
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Appendix B: Rotary Seal Drawing
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APPENDIX C: ELECTRICAL SCHEMATIC
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APPENDIX D: PCB LAYOUT
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APPENDIX E: CONTROL OUTPUT FLOWCHART
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APPENDIX F: USERINTERFACE FLOWCHART

(KEYPAD ENTRY ALGORITHM )
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APPENDIX G: MASSFLOW RATE ANALYSIS

In order to evaluate how often the system woul@ gadessure sampling points, the change of
pressure over time was needed.

Known:
Variables:
Variable Expression
P_1 Compressor Pressure
P2 Tire Pressure
Al A_transferline
A2 A_rotar seal fitting
_air@ 90F
VvV 2 Air flow velocity into the tire
dm/dt Theoretical Mass Flow Rate
R Universal Gas Constant
T Temperature
V_tire Volume of the tire
dpP/dt Theoretical Change of Pressure per time
Assumptions

1. Points 1 and 2 lie on a streamline.

2. The fluid is air and has constant density.
3. Airis treated as an ideal gas.

4. The flow is steady.

5. Frictional effects are neglected.
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Bernoulli:
2 2

P .V P, V,
+-1 4 =—2+-2+gz Egn. M.1
r 2 94 r 2 g q

Neglecting potential energy and Rewriting Bernoulli

V2,
Pl- P2 = 2 1- — Egn. M.2

Vv,

Because the velocities are unknown, the contiregtyation is used to eliminate the first velocity
term:

rV.A = rV, A, Eqn. M.3
With constant density, the continuity equation banwritten as:
ik qEM.4
Vo A
Subbing back into equation M.2:
2 2
p-p="V2r . A Eqn. M.5
2 A
Solving forV,:
V, = Egn. M.6
The mass flow rate is found from:
m=rAy, EM.7

To find an instantaneous expression for the chahgeessure as a function of time, the ideal gas
law was used:

P= _mRT Eqgn. M.8
Vtire
Taking the derivative with respect to time:

tire
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Results:

Variable Value Units
P 1 80.00 p.S.i
P 2 30.00 p.s.i
Al 0.02 in."2
A2 0.01 in."2
1.23 kg/m”3
4.50E-05 Ib/in.3
V 2 1588.86 in/s
dm/dt 5.62E-04 Ib/s
R 1545.00 | ft*Ibf/lbmol*R
18540.00 | in*Ibf/lbmol*R
T 90.00 F
305.37 K
549.67 R
V_tire 8177.96 in"3
dpP/dt 0.70 psi/s
41.99 psi/m

Fox & McDonald Intro to Fluid Mechanics

Fox & McDonald Intro to F luid Mechanics
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