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Objective

The objective of this lab is to build a self-regulating heating device that is monitored by a computer through an infrared link.  Various temperature sensors and infrared devices will be examined.  LabView is also implemented to interface the computer to the hardware.  By examining different circuits and circuit elements, a heating device is constructed which is not only efficient, but cost effective.

Constraints

The system is built using a limited number of parts.  These parts include basic circuit elements such as variable resistors, capacitors, and simple integrated circuits.  The temperature of the medium ranges from approximately room temperature to about 170 degrees Fahrenheit with an activating temperature of 142 degrees.  The circuit also is built on a set footprint (circuit board). 
Theory

The major components of this project can be broken down into temperature sensors, control circuitry, infrared transmitters and receivers, and software.  The theory behind each component will be discussed in the subsequent section.

Temperature Sensors.

Two classes of temperature sensors are studied in this lab.  The first sensor is a thermistor.  Thermistors can be broken down into two types: positive temperature coefficient thermistors (PTC) and negative temperature coefficient thermistors (NTC).  In an NTC, as the temperature increases the resistance and voltage drop across it decreases.  For a PTC, as the temperature rises the voltage and temperature also increase.

The other type of temperature sensor is the IC temperature sensor.  This sensor is more expensive than the thermistor, but it has a smaller time constant.  Therefore, if a very fast response time is vital for the circuit, the IC temperature sensor is a better choice.

Since the characteristics of different types of sensors vary, it is important to determine which one will meet the specifications of the circuit.  The temperature range, response time, size, and cost are important factors.  While the differences may seem insignificant, a poorly chosen temperature sensor can adversely affect the performance.

Control Circuitry.
The circuitry must be able to turn the heater on and off.  This is accomplished by the control circuit turning the power to the heater on and off.  The circuit must first be able to determine if the heater should be on or off.  This is done with a comparator.  The comparator will compare the current temperature read by the temperature sensor with a reference temperature.  If the current temperature is below the set temperature, the control circuit will turn the heater on.  The heater will stay on until the current temperature reaches the set temperature.  At this point the power to the heater will be turned off by the circuit.  The power supply to the heater is run through a solid state relay which either provides a short circuit (ON) or an open circuit (OFF) between the two.  The output of the comparator controls the relay.

Infrared Devices.

Infrared transmitters and receivers provide the communication between the analog circuit and the computer.  This communication must be able to relay to the computer the current temperature.  This is accomplished between a LED (transmitter) and a photodiode (receiver).  

A signal conditioning circuit modifies the temperature sensor output to a 0-5V signal.  This signal is fed into an IC (LM331) which outputs a frequency corresponding to the current input voltage.  This signal powers an LED which relays the signal via wireless communication to the photodiode.  The LED turns on and off at a frequency proportional to the temperature.  The photodiode then communicates with the computer to display the current temperature based on the frequency of the signal.

Software.

LabView is a graphical programming language used for data acquisition.  The primary use of LabView in this experiment is to monitor the temperature and the heater.  The program must take periodic readings of the photodiode and translate the frequency back into a temperature measurement.  LabVIEW must also tell the user whether the heater is on or off and if there is any failure of the wireless communication.  The graphical interface allows these processes to be represented in a simple interface that is easy for any user to interpret.

Product Specifications

The circuit to be designed must be able to sense the current temperature of the medium (water).  The system must then determine whether the temperature of the medium is at, below, or above the set temperature.  Based on this determination, the system must regulate the temperature of the water to maintain it at the set point.

This experiment uses a thermistor to read the temperature.  The temperature is then conditioned into a 0-5V signal which is fed into the comparator.  Here, the analog circuit determines whether or not to turn on the solid state relay which controls the heater to the water.  The LabView program provides a graphical representation (thermometer) of the current temperature and also the status of the heater and IR link.
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The following report will include a detailed description of our design including circuit diagrams, hardware descriptions, and software analysis.  The final section will include the results of the experiment followed by a cost analysis.
Design Approach

Conditioning Unit Design.

Since the thermistor varies semi-linearly with resistance, a circuit must be constructed to interpret this variance in resistance as a voltage.  For this application, a variance between 0 and 5 volts is adequate.  Using several op-amps, the top circuit shown in Appendix I (a)  was created.

As seen from the example calculations in Appendix I (b), two groups of resistors can be represented as ratios.  These groups of resistors can be replaced by potentiometers.  Such a substitute can negative and positive consequences.  The obvious negative consequence, since they are not being used to partially bias a main group of resistors, is that their settings are extremely sensitive.  Our experimenters might unknowingly adjust one of these and totally throw off the conditioning unit.  The positive consequence is that they may be adjusted to match new voltage levels or to ‘tweak’ voltage levels if such a change is required later in the design process.

Since no hardware in the conditioning of the circuit needs to be of especial importance, the basic LM348M 4-in-1 operational amplifier is adequate for this design.

Comparator.

The comparator will aid in the switching of heating control from on to off and vice versa.  The intended heating application does not ‘require’ this comparator module, but since the transition period of is not necessarily smooth, it is better to use the comparator as a discrete device as opposed to have the on / off switch in the 120 V regulator switch be constantly active.  
The top figure Appendix II shows the original design for the comparator. Again we can use utilizes a variable potentiometer so we can easily control the on / off set voltage.  This modified potentiometer design is shown as the bottom figure in Appendix II.

Since the comparator should only vary between 0 and 5 volts, the Vee connection on the operational amplifier will be grounded.  This essentially means in maximum negative voltage is 0.  The Vcc connection on the amplifier will then be 5 Volts.   As the voltage from the conditioning unit surpasses the set voltage, the operation amplifier will give its MAX gain (5 volts).  Similarly, if the conditioned voltage is below the set voltage, the it experience the maximum negative gain (0).  This discrete setup is obtained by not connecting a resistor into the operational amplifier.  The resistance is infinite, so the gain is MAXed.

Frequency Converter – Transmitter

In order to transmit the voltage information over an infrared interface, the voltage must be converted to a corresponding frequency.  Using an operational amplifier as a voltage differentiator, this can be done fairly easier.
The circuit shown in Appendix III shows the implementation of a voltage to frequency converter.  Due to the complexity, the derivation of the circuit has been omitted form this report.

For the target temperature range, the circuit outputs a 70 Hz to 140 Hz signal. This range is particularly suitable as it more easily avoids the 60 Hz noise caused by standard power distribution (wall outlets, the heater, etc).
Frequency Converter – Receiver

The receiver circuit closely resembles that of the comparator, except that the voltage source is the Photodiode which pulses when it receives infrared waves created by the IR-LED in the transmitter.  Since 60 Hz noise is present in the circuit due, the gain cannot be infinite, because the 60 Hz signal noise would interfere with the actual desired signal to be received.  Instead a generally large 10 Mega Ohm resistor is used, which produced a relatively large gain.    The output of the operational amplifier is fed into the computer interface which LabView can read.  The circuit for the receiver can be seen in Appendix IV.
Note: Due to the unusual  amplitude of noise, the infrared connection was not able to surpass a few centimeters.  (Several groups reported having problems with the used experimentation station).    
Data Acquisition & Display
After data is received, a tool in the LabView can measure the frequency.  Using multiple temperature and frequency readings (Results Section), a logarithmic function was obtained with a regression analyzer for which a frequency could be mapped to corresponding temperature. Having an accurate equation is essential for the design since there is no feedback to the circuit which controls the on / off.
The LabView front panel can be viewed on Appendix V (a). The ‘on/off’ monitor was set to change when the detected temperature was above 142 degrees Fahrenheit.  Since the frequency range was above 70 Hz, anything below 62 Hz, LabView considered an IR malfunction, for which the monitor would turn from green to red.  The ‘code’ diagram is located in Appendix V (b). No functionality was implemented to set the circuit’s temperature remotely from the LabView application due to time constraints.
Data & Results
The following is frequency and temperature plot which was used to derive the equation used by the labview interface.
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The record temperature gauge on the LabView display shown on Appendix V (a) ranged within 1 to 3 degrees of accuracy.  The functionality of the infrared link and the on / off status was recorded by the lab supervisor.
Cost Analysis

LM348N (1): $0.30
LM331N (2): $0.42
LM741CN (1): $0.34
POTENTIOMETER (4): $3.44
516 PHOTODIODE (1): $0.55
1 uF Capacitor (1): $0.40
IR LED (1): $0.24
.1 uF Capacitor (1): $0.05
Resistors (8): $0.16

Outlet & Box (1): $2.40
BreadBoard (1): $3.70

NTC Thermistor (1): $0.60

Write (1): $0.20

Total Cost: $12.80
Conclusion

The final circuit was relatively accurate.  The temperature varied at most by about 2 degrees Fahrenheit from the actual temperature of the medium.  A large amount of noise was picked up by the circuit at around 60 Hz.  The only solution to this was to simply move the detector away from other sources – shielding might have also been an alternative.  It was also determined that the IR receiver signal had to be amplified for proper performance.  The transmitter and receiver also had to be kept within a few centimeters of each other to avoid failure.  The response of the readings in LabView was also sufficient for most uses of the temperature regulator.  With a wider variety of parts, the accuracy and response of the circuit could easily be made near perfect.
Executive Summary

This temperature control unit is designed to regulate the temperature of a water bath.  The temperature sensor (thermistor) is coated in a highly durable epoxy coating.  This coating allows the system for use in other applications where higher or lower temperatures may be involved.    The length of the leads can be varied by the manufacturer based on the application.  The system is also designed with a very small footprint allowing for use in many environments.  The unit is comprised of several basic circuit elements which allows nearly any company to manufacture it in-house.  The total assembly time is under 0.5 hours.  The relative cost of the parts is very inexpensive allowing for maximum profit with very little capital invested.  LabVIEW programs can also be designed by the manufacturer or made to order.  The simplicity of the user interface allows anybody to be proficient in its use.  Very little training is involved and troubleshooting is never an issue.  This product has been used by other companies to monitor oven temperatures, track temperatures in closed environments, and also at NASA for shuttle temperature change.  The accuracy and low cost of this circuit place it on the cutting edge of temperature regulation design. 

Appendix I
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Appendix II
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Appendix III
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Appendix V (a)
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Appendix V (b)
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Appendix I (a).





Conditioning unit designs using sets of resistors (top figure) and ratio representations of resistors using potentiometers (bottom picture).





Appendix I (b).





Mathematical calculations of variable ratios needed to obtain 0 to 5 voltage output.





Appendix II.





Comparator design using a resistor group (top figure) and using a potentiometer to set a variable voltage (bottom figure).





Appendix III.





Voltage to frequency converter including IR transmitter.





Appendix V(a).





LabView front display / user interface module.





Appendix V(b).





LabView diagram for Appendix V(a) front display.





Appendix IV.





Frequency receiving and amplification circuit.
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