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Project Abstrac t

The product to be discussed is a small-selitained and selpowered unit that will monitor
the climate and door status of a refrigerator or freezer. The climate monitoring component outputs the
temperature in°F and the relative humiditgis a percentgeon a low powereflectiveLCD screen. The
Intelligent Refrigerator Alarm System &tASformally known as IRFCMDAS)nitors the opening and
closing of thecompartmentsdoor with a reed (magnetic) switch and sounds an alarm if either the door
is left goenfor too long or if climate conditions are not ideal. The device will be implemented trgeng
C programmindanguage a commonly used language in industry, presenting a formidable challenge.
Other complications arise in the area of power for which tiser will have the option of powering
their device witheither a9-\olt battery oran external power brick.

Introduction

ThelRASs intended for use with any sort of refrigeration or freezing device to provide useful
information about the status of the gghiance, ensuring that the contentge always in optimal
conditions. The device will provide a visual display of the temperatieahd relative humidity2f)
along with an intelligentioor alarm system. The alarm component of the design is intendexftorn
the userif their door has remained open for a predefined amount of time or if the climate conditions
have changed from the predefined values. This product serves a great purpose in assuring that the
useQd NBFNAISNI G2 NI Aa ndt ddsind enetgy thiw®yh sBidude 8ThetappHcgtin ¢ A (
domain of this products not limited to domestic cooling appliancesjs alsoinclusive of locations that
may require monitoring for multiple refrigerators, as is@entificlaboratory.

Thereare curently handfulsof analogous products that may be found onliman catalogsall
varying greatly in pricing. Alectro Systems Inc. prodtiete®©A7ADP fridge door alarifrigurel)
whichincludes a usedefined door alarm delayui fails to provide climate monitoring support. The
product is batterypowered and is priced at roughly $67.00. A similar product from Temperature
Guard, the MA404 wall-powered Door AlarmHigure2), provides equal functionalitip the Alectro
Systems unit and is priced approximately$50.00.
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Figurel ¢ Alectro Systems Inc. BAADP
Figure2 ¢ Temperature Guard MA40Q



Technical Objectives
The technical objectives of traesign are mainly dictated by the need to provide a functional,
reliable, and accurate product to the consumer.

The typical operating temperature of a refrigerator is between 35 arfé 38th a relative
humidity of about 65%. The typical operating tempera of a freezer is ¥ with a relative humidity of
65%.The climate sensocomponent of the IRA®Ill be inside the appliance being measurdwys it is
the onlydevice of the design that nesdo withstandtheseclimate conditionsEverything else wible
mounted on the external surface of the compartment being measured and therefore will need to meet
the respective operating conditions.

The system alarm presents a technical objective because the alarm must be audible from a
distance, yet not harmful thuman hearing. Refrigerators can also produce audible noise from their
compressor sections; the system alarm must be louder than this noise in order to be effective. An
audible level of about 75 dB is considered to be the idealvitai alarm level.

Thedevice provides the consumer with a choice for powering their product. The system is
setup such that it can be powered with either &/8It Battery or with a externalpower supply. When
poweredexternally the power supply specifications are very flexitdgquiring only abou20mA and
anywhere from 6.25V to a maximum of 26V. This clearly provides the user with flexibility to choose a
more sleek design using batteppwer or a more cosefficient choice using wall power supplySince
the design does suppbbattery-power it was imperative to choose lepower devices such as the
Microchip nanoWatt PIC series of microcontrollers aow-powered LCD.

Concept Selection and Screening Matrix

Concept selection requed the generation of a component matrix tokea into account all
possible implementations of every component found in the component schemafiigofe3. Tablel
lists all the possibleombinationsfor a finalized prototype.

Power Management User
Transducer 1 Interface
Temperature Sensor
[Climate Monitor] A
Analog
h J
Transducer 2
Humidity Sensor ——Analog Signal Conditioning A/D Conversion—» Microcontroller
[Climate Monitor]
Analog
Transducer 3 4
Reed (Magnetic) Switch _
[Door Monitor] Display

Figure3 ¢ Component Schematic



Component Transducer 1
Resistance
1 Thermometer Detectors
(RTDs)
2 Thermistor
3 Thermocouple

Transducer 2 Transducer 3 Gain
Reed Switch
Thin Film Capacitive (Magnetic Bipolar (BJT)
Proximity)
Bgleksg?emggr Infrared Op-amp
IC (Capacitive) Sonar MOS

Filter

Active

Passive

. . . User . Power
Configuration Microcontroller Interface Display Management
Differential
Mode PIC 16FXX Keypad LCD Battery
Single-ended PIC 18FXX Button(s) LED Wall Power
nanoWatt PIC Mini-Switch ~ Speaker
TI Potentiometer  Buzzer
Tablel - Component Matrix
Reference T1 T3 T1 Gl F2 c2 M1 U2 D1,D3 P2
A T1 T3 T1 Gl F2 C2 M2 U2,U3 Di1,D3 P1
B T1 T3 T1 Gl F2 C2 M3 U2,U3 Di1,D3 P1
C T2 T3 T2 G3 F2 Cil M2 Ul D2,D3 P1
D T1 T1 T1 G2 F2 C2 M3 u2 D1,D3 P2
E T1 T1 T1 G2 F1 Ci M u2 D1,D4 P2
F T3 T3 T1 Gl F2 C2 M3 U2,U4 D2,D4 P1

Table2 ¢ Concept Selection Matrix

The concepselection matriXTable3) lists in detail the different concept ideas considered
when finalizing theprototype design. These different concepts vary slightly among component
selections and were used in the concept screening matrix for judging the besigirodsed on

consumerand market needs.

Customer and market needs wepeedictedto test the advantages and disadvantages of

component variability amongst different concepts. The tests lead to the conclusion that in order to

provide a safe and reliablegl$-powered) device, battery power must be chosen asghenarypower

source. In order to provide a reliable battery powered system there is a large need for low power
consumption among components, possibly requiring a nanoWatt PIC microcontialde3
guantifies the pros and cons of the different concepts and resulted in two concept possibilities to

further investigate.




Concept Screening Matrix
Intelligent Refrigerator/Freezer Climate Monitoring and Door Alarm System
Goncept Concept Concept Concept Concept Concept Reference
Customer/Market Needs
A B C D E F
Safe +1 +1 +1 0 +1 0 0
Reliable +1 +1 -1 -1 -1 -1 0
Low Cost 0 0 0 0 0 0 0
Adaptable 0 0 0 0 0 0 0
Low Power Consumption 0 +1 0 +1 0 +1 0
Sustain Power Failure +1 +1 +1 +1 +1 0 0
Ease of Use 0 0 -1 0 0 -1 0
Sum +'s 3 4 2 2 2 1
Sum 0's 5 4 4 4 4 4
Sum-'s 0 0 2 1 1 2
Net Score(+=+1,0=6:1) +3 +4 0 +1 +1 -1
Rank 2 1 5 3 4 6
Continue? Yes Yes No No No No

Table3 ¢ Concept Screening Matrix

IRAS clearly turned out to be a direct derivation of the concept selection process carried out
Table3. The microcontroller used in IRAS is the Mitiip nanoWatt PIC18F1320 which aided greatly in
the goal of using minimum power. For power management IRAS provides an option of either using a 9V
battery or usingan external power source, such as a wall wparbviding the consumer a choice. The
user inerface and display predictions carried through to the final design as well as the sensing
components.

System Level Presentation

Power
Management Climate Read Out

[Reflective LCD]

Reed Switch
[Door Sensor]
. : Display Indicator
Microchip
» (Red and Blue
PIC18F1320 LEDs)
HTM2500 /
[Climate Sensor]
Buzzer

Figure4 ¢ System Level Schematic

The system level design portrayedrigure4 includes all of the major components that
required interfacing or implementation for the creation of IRAS. In the following discussion each
component is analyzed for functionality and relevance to IRAS.



Power Management

The IRAS cleverly provides two great solutions for powering the device. It was realized that
although a batterypowered unit is very desirable in terms of appearanediability, and safetymany
users would prefer to power their device with wall power arg® the battery option as a backup if
wall power fails. The power management schematic is shown beléugure5.

P1 D2 VR1 LM2%40CT vCC

Vin Vout
HIE

Cl GND cz

D3 4TF 22uF

[SRRENS

Diode 1N4004

1

Wall Power — Diode 1N4004

mm&
.||

|

1

+9v Battery "=

Figure5 ¢ Power Management Schematic

In the leftmost portion ofFigure5(headersPlandP7) the two input connections for battery
andwall power can be seerJsing two 1N4004 diod€kw forward voltage drop diodeshe circuitry
is designed so that both power sources can be connected simultaneously with theowall faking
priority since it will reverse bias D3 in the case that it outputs a voltage higher than 9V. The LM2940CT
voltage regulator provides the internal circuitry (microprocessor, sensors, etc. pwilable positive
5.0 volts.This voltage regulatr can output the desired voltage value with the lone requirement that
the input voltage be greater than 6.25V and less than 26V.

Reed Switch

The reed switch simply functions by closing a switch when a magnet is held near it. In order to
implement this swich the magnet is placed on the door of the refrigerator and once the door is
propped open the switch immediately opens. The design schematic and interfacing is shown to the
right in Figure6.

vCC

R4
52 1k
4” Pl | PIC - Pinl0
REED

Figure6 ¢ Reed Switch

Climate Sensor

C2NJ 0KS AYLIX SYSyidlaAzy 27 W abiktaffacédDwitatteyPlCA y3 | d
microcontroller.This sensor provides an analog voltage signal to represent the relative humidity. This
signal is interfaced directly witthe PIC and read by the A/D converter. Humirel provides the
information presented inTable4 with their datasheetsdr calculating the RH% from tiveltage read.



RH% = 37.5 (VoutHumid) - 37.718

Humidity Table
REFERENCE OUTPUT VALUES 120
10 1235 55 2480 -

15 1390 60 2605 RH (%) /
20 1540 65 730 60
25 1685 70 2860 /
30 1825 75 2990 40 /
20

35 1% | 8 325

40 om0 | 85 :e0 |
45 2220 90 3405 0 ‘ ‘ ‘
50 2350 95 3555 0 1 2 3 4
Table4 ¢ HTM2500 Humiiy Table vout (vanalog)
Figure7 ¢ RH% vs. Vout Humidity
The conversion from voltage value to RH% value was handled by populatingupltadide for
the PIC to reference. Once an anatogdigital conversion is copteted the PIC now has a digital
representation of the humidity value and uses it as an index to the-lgotable. This component was
tested thoroughly prior to system integration by comparing to a stouechased humidity sensing
component.

ps 5
o
3 HUMIDITY
g TEMPERATURE
1 f—dircc 25
HTM2500 10k

vCC
Figure8 ¢ HTM2500 Climate Sensor

The temperature readouts are produced by a thermistor which changes resistance as the
temperature changes. Since the PIC cannot read resistance values it was necessary to implement a
voltage divider circuitd produce analog voltage values that represent the changing resistance. This
circuitry is shown irrigure8.

BecausdHumirel only provides the varying resistance that corresponds with changing
temperature(Tableb) it was required to generate a table that related the analogue voltage signals
produced by the voltage divider to the current temperatutsing the equation below, the provided
resistance values could be translated into usable voltage values.

Viermp = (VDD Re) + (10KOhM- Ry, )

With this equation a linear regression was performed on a populated table of values to determine the
relationship between voltage divider output and corresponding temperature.
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Temperature Table

Tempin°C Rinowms Tempin°C Rinooms Temp(Celsius) = (-0.1085)Vtemp + 81.318

30 6149 +20 12474

80 4
-25 125545 +25 10000
20 94143 30 8080 3 \\
- 143 + 8 @
215 mnm +35 5569 g w M y=-0.108x + 8131

® \
-10 54308 +40 5372 .g 20 \
5 41505  +45 4424 2 o ‘ : T - :
= - E 200 400 800 Eﬁ\\ 1000 1200

0 3204 +50 3661 2 3
+5 25011 +55 3039 a0
+10 19691 +60 2536 Vtemp Digital
+15 15418 +65 2128

Figure9 ¢ Temperature vs. Vtemp Digital
Table5 ¢ HTM2500 Temperature T

This regression provides a way to populate a table generating a unique temperdufer(
every digital voltage value (rangeg@023) that could be produced by the A/D convert&l.these
values were placed in the code within a leg table.

User Interface

The IRAS only produces three different forms of user feedback, the
most important of these being the alarm produced by tmagnetic buzzer
(Figure10). In order to minimize power consumption a ldw2 4 S NJ H ®p
reflective LCD was used to display the temperature and humidity. Since thi:
LCD is merelgvo 7-segment digitsit was necessary to interfaceem to
the PIC througliwo BCDBto-7-Segment decoders. Each of which handles
the control of each digiBecausehe LCD display had no more room to
indicate what value was being displayed (i.e. temperature or humitity)
LEDs (red for temperature and leldor relative humidity) were connected to the PIC and placed near
the LCD to indicate which value was being displayed.

Figurel0 ¢ Magnetic Buzzer

Microcontroller

The intelligence of the system is implemented using@nBd YA ONR O2y G NRf f SNJ
PIC line of products (B18F1324/P). The PIC18F1320 is a powerful work horse for its size; it has 16
pins of general input/output, a 20it A/D converter, flash based memory, and low power technology.
The IRAS design currently uses all but one of the pins on the microconttatbeA/D channels, and
some of the low power feature#ll connections to the PIC are shown belowrigurell.

Ut

i RAAND RBO/AN4/INT) {———CD
T RAUANILVDIN RBI/ANSTX/CK/INTI 4
TEMBZIND A2/ ANZ/VREF RB2/PIB/INTZ |aros BEDE
SEL DIGIT 3 - 3 SPEAKER
RAI/AN3IVREF+ RB3/CCPI/PIA (g e
—fe RA4/TICKI RB4/ANG/RIUDT/KBI0 e
%—wb MCLR/VEF/RAS RBS/PGM/KBI1 (<irh R
— B OSC2CLKO/RAG6  RBG/PGCITIOSOITICKIPICIKEIL age——
BEDD 181 OSCI/CLKIRAT RET/PCDITIOSIPID/KBI3 faed——
f VSS/AVSES VDD/AVDD —r-il“ Hh
= vCcC .luF

PIC18F1320-I/P

Figurell ¢ PIC18F1320 Microcontroller
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The software loaded on the PIC microcontrollex iather simple interrupt drivegontinuous
loop. A simple flowchart of the software is presentedrigurel2. It should be noted thathis
flowchart does not include everything and is not equivalent to an ASM style state iaghe
complete C code for the system can be found in Appendix A.

Main program
loop

A

Yes

Has delay
ime passed?

Start timer

No A
Turn on

alarm

Y

Is door still Yes

Yes ajar?

y No

Turn on
alarm

Is humidity out
of bounds?

Turn off alarm

Yes

Is climate still out
of bounds?

Turn off alarm

Figurel2 ¢ Software Flowchart

The IRAS prototype also includes In Circuit Serial Programming (ICSP). ICSP allows the loading o
codeon to the PIC18F1320 without physically removing the chip from the ciiidug.feature is
implemented using the circuit shown kigurel3and the Microchip PICkit 2 programmé&iigurels).
This simpleaddition saves tremendous amounts of code development time.

P2 P3
Vpp
6 1 P——
5 3 4 ——vee
4 >0 PGD
3 i —
2 9 10 _4'- =
1 11 12—
ICSP ICSP Jumpers

Figurel3¢ In Circuit Serial Programming Circuit Figurel4 ¢ PICkit 2 Programmer
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Final Product
The final IRAS prototyg€igurel5) was placed in a generic ABS plastic project btve project
box was modified to fit the specific needs of the IRAS, such as fittings for the LCD, sensor, and LEDs.

@ Humidiy RH%
@ Temperature F

Figurel5¢ IRAS Prototype

The face platéFigurel6) of the IRAS prototype was developed using Microsoft Visio and was
printed on adhesive paper, which was placed on the front of the IRAS project box.

Intelligent Refrigerator Alarm System
@ Humidity RH%

. Temperature °F

Figurel6 ¢ Face Plate of Fin&rototype

On the insideRigurel?) of the IRAS project box the mounted PCB can be seen as well as the
battery location. The wires on the inside of the project box are used to power the LEBtordiplaced
on the front face. The LCD is not visibl&igurel7 because it is soldered to the other side of the PCB.

3

Figurel7 ¢ FinalPrototype Circuit Board Photo

The final IRAS prototype meets sphecifications described in the Abstract and Introduction
sections of this report and actually exceeds what was the anticipated result.

13



Business Case

IRAS Business Case

Prototype Development Cost Rate/unit Qty Cost
Passive Electronic Components 5
Low Power LCD 1.78 1 1.78
PIC Processor (PIC18F1320) 0 1 0
Temperature/Humidity Sensor (HTM2500) 53.12 1 53.12
Reed Switch 6.06 1 6.06
PCB boards 0 1 0
Enclosure 3.99 1 3.99
Buzzer 2.34 1 2.34
Total $72.29
Manufacturing Cost per Unit RateUnit  Qty Cost
Labor (hourly, unburdened) 15 1 15
Insurance (workman's comp, et2P% 3 1 3
Overhead (equipment, expendables, rent, etc.) ~ 100% 15 1 15
Miscellaneous Electronic Parts 5 1 5
Low Power LCD 1.45 1 1.45
PIC Processor (PIC18F1320) 1.68 1 1.68
Temperature/Humidity Sensor (HTM2500 equivalent) 7.25 1 7.25
Reed Switch 1.25 1 1.25
PCB boards 2.5 1 2.5
Enclosure 3.4 1 3.4
Buzzer 1.14 1 1.14
Total $56.67
StartUp Costs Rate/Unit Qty Cost
Tools (solderingRoHS lead free compliartiamps, cables) 1,000 1 1,000
Programmers (PICkit 2 USB Programqier Circuit) 35 2 70
NIH/FDA/ISO test and approval (model) 10,000 1 10,000
Computer/Oscilloscope/Power supplies 10,000 1 10,000
Total $21,070.00

General Information

Productlife (years) 5
Production first year 200
Production subsequent years 1,000
Sale price(excl. shipping) 100
Advertising per year 2,000
Cost of Capital/discount rate 10.00%

Table6 ¢ Business Case



Analysis Year 0 Year 1 Year2 Year3 Year4 Year5

Sales Initial Investment 20,000 100,000 100,000 100,000 100,000
Production cost Startup 13,334 58,670 58,670 58,670 58,670
Cash flow (saleproduction cost) -$21,070.00 6,666 41,330 41,330 41,330 41,330
Net Present Ve $94,627.72
Internal Rate of Return 106%

Table7 ¢ Business Case Analysi

Prototype development costs proved that this product, with competitors valued at about $100,
is definitely worth producing and optimizinghe transition from prototype to manufacturing showed
minor changesincluding the production of a cheaper climate monitoring sensor leaving the costs at
about $56. This value places the IRAS in a very good position in terms of its competitors singe it doe
offer more information than thosen asimilar price rangeThe business case developmehiRAS
resulted in a net present value of about $94,000 and an internal rate of return of 406f@ 5 year
period.

Study Organization

In order to work efficien#f in producing the IRAS prototype it was decided to break up the
project as clearly as possible into two parts, climate monitoring and user interface. Two independent
development environments (bread board versions of the prototype) where set up to deGetmule
for the sensing applications as well as the user interface.

The initial Gantt charti-igurel8, estimated when certain components of the project would be
completed.

Spring 2007
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

| | | |
preliminary project proposal (Matt) -::l ‘
detailed project proposal (Jose) “

order parts (Matt)

assemble bread board (Jose)

write code for proximity sensor (Matt)

HH'I

write code for climate monitoring (Jose)

write code for user interfaces (Matt)

combine code (Jose) _
build prototype board (Matt) -
Demo (team) ‘ ‘ ‘ ‘ I

B Planned O Extension O Down time‘

Figurel8¢ Preliminary Gantt Chart
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This preliminary schedule can be compared to the gwstuction Gantt chart shown iRigure

19.
14 15 16

Spring 2007
4 5 6 7 8

preliminary project proposal (Matt)

detailed project proposal (Jose)
order parts (Matt)

assemble bread board (Jose)

write code for reed switch (Matt)

write code for climate monitoring (Jose)

write code for user interfaces (Matt)
combine code (Jose)

build prototype board (Matt)

Demo (team)
® Planned O Extension
0O Down time @ Completed

Figure19 ¢ PostProduction Gantt Chart

It can be seen that no major changes were made to the original Gantt chart other than adding a
few extensions for the coding portions of the development phase. The coding in C clearly became the

largest obstacle to overcome throughoailte whole process.
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Appendix A z C Source Code

Presentedn this sectionin its entirety, is the C source code for tiRAS prototypeThiscode
gl a RSOStf2LISR dzaAy3ad aAONROKALIQa at[!. L59 FyR i
addzRSyGa |0 a AnGoN@vavictathip.comSo A A0S 6
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