ELEC105L
Fundamentals of Electrical Engineering
Spring 2010
Lab #12:  Electronic Thermometer with Fahrenheit Readout
Why is this important?
Operational amplifiers are often used in scaling and level-shifting applications.  Scaling is simply the process of multiplying a signal voltage (or current) by a constant in order to change its amplitude, and level-shifting is the process of adding a constant positive or negative voltage (or current) to a signal.  In this lab exercise you will use a scaling and level-shifting circuit to process the output signal from an electronic temperature sensor so that it produces temperature readings in degrees Fahrenheit.

Grading

This lab is a “familiarization exercise” and therefore will be weighted 50 points.  To receive full credit, e‑mail to your instructor the short report requested in Step 6 of the procedure.  The report is due before next week’s lab session.  Only one submission per lab group is required; however, each member of the group must contribute to its production.
Background
The National Semiconductor LM35 is an electronic temperature sensor that produces an output voltage that is proportional to the ambient air temperature according to a scale factor of 10 mV/°C.  For example, if the temperature is 20°C, the LM35 produces an output voltage of 200 mV.  As shown in Figure 1, the LM35 is very easy to use.  The device only requires an operating voltage of 4−20 V and an external resistor (such as the 1-kΩ unit shown) to provide an appropriate load.  If the LM35 drives a low-impedance load, the 1-k resistor shown in the circuit might not be necessary, depending on the application.  A temperature reading is obtained simply by connecting a voltmeter between the output terminal (node vo) and ground (the reference node).

[image: image1]
Figure 1.  Application of LM35 temperature sensor.  Connections to the reference node (ground) are indicated by small triangles.  The power supply is connected between the node labeled “+4 to +20 V” and ground.
If it is desirable to have the circuit give the temperature in degrees Fahrenheit, then a scaling and level-shifting circuit is required.  Recall that Centigrade readings can be converted to Fahrenheit readings using the formula
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where TF is the temperature in °F, and TC is the temperature in °C.  The voltage produced by the LM35 would have to be scaled (multiplied) by a factor of 1.8 and then shifted by an amount corresponding to 32°F (320 mV).

As shown in Figure 2, a single op-amp can be used to scale and shift a signal.  The circuit is a standard non-inverting amplifier, except that resistor R1 is connected to a reference DC voltage source instead of directly to ground.  It is straightforward to show (Try it!) that the output voltage of the scaling and shifting circuit is given by
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where the node labeled vC (“C” for “Centigrade”) can be thought of as the output voltage of the LM35 and as the input voltage to the scaling and shifting circuit.  That is, vo in Figure 1 is the same as vC in Figure 2.  Note that if Vref = 0, the circuit reduces to a standard non-inverting amplifier.  Resistor values R1 and R2 are chosen to obtain the appropriate voltage scaling factor, and then Vref is chosen so that, after it is scaled by the factor −R2/R1, it produces the appropriate voltage shift.  The reference voltage must be negative if the overall shift is to be positive.

[image: image4]
Figure 2.  Temperature sensor with scaling and level-shifting circuit.  Voltage vC represents the temperature in degrees Centigrade, and voltage vF represents the temperature in degrees Fahrenheit.  Both voltages are node voltages and hence are measured with respect to ground.
Procedure

1. Assemble the simple circuit shown in Figure 1, and verify that your LM35 is working properly.  The value of the resistor connected to the output of the LM35 is not critical.  Check the data sheet for the permissible range of values. The LM35 units used in this lab exercise are manufactured in the TO-92 plastic package style.
2. Design a scaling and level-shifting circuit like the one shown in Figure 2 to convert the output voltage of an LM35 from a 10 mV/°C scale to a 10 mV/°F scale.  Use power supply voltages of ±10 V for the entire circuit.  You will have to determine appropriate values for resistors R1 and R2 and the voltage reference Vref.  Note that many combinations of values of R1 and R2 could be used to produce the correct scale factor.  However, one design constraint is that you must ensure that the output current io from the op-amp is much less (better if it is far less) than the maximum allowable output current specified in the data sheet.  The multi-meter that will be connected to the output draws negligible current, but where else can the output current from the op-amp flow?
3. Assemble the scaling and level-shifting circuit using an LM741 op-amp.  You may use the 0-6-V power supply section to implement the voltage reference.  Be especially careful that you connect the various leads from the two power supplies to the proper places in the circuit.  The lab partner who did not do the wiring should check the “wirer’s” work.  Data sheets for the LM35 and LM741 (with pin-out diagrams) can be found via links on the lab web page.
4. Test your circuit by using the bench-top multi-meter to measure the voltages at the output of the LM35 (vC) and at the output of the scaling and level-shifting circuit (vF).  You will need to let the temperature of the LM35 stabilize in order to get reliable readings.  The sensor’s temperature could change a bit while you move leads from one circuit location to the other.  If you wish, you may improve the correlation of your measurements by teaming up with another group to use both groups’ voltmeters to measure the voltages at the same time.  After you take readings at room temperature, warm up the LM35 by squeezing it with your fingers.  If you can get the temperature to stabilize again, take another pair of voltage readings at the higher temperature, and verify that the correct unit conversion is being made.  Try measuring some of the other voltages in the circuit, and verify that they make sense.  (For example, try measuring the voltage between the two inputs of the op-amp.)
5. Once you have verified that your circuit is working properly, demonstrate it to the TA or to the instructor.

6. Assuming that the output of the LM35 is an exact representation of the temperature in degrees Centigrade, determine the percentage error of the Fahrenheit reading produced by the scaling and level-shifting circuit at room temperature.  Before your lab session next week, e-mail to your instructor a brief report with the following information:

a. The values you determined for resistors R1 and R2, along with a short explanation of why those particular values were selected.  (Be brief but complete.  Include all of the considerations that went into their selection.)

b. The value of Vref to which you set your 6-V power supply, along with a brief explanation of how that value was determined.

c. The percentage error of the Fahrenheit voltage reading at room temperature and the formula used to calculate it.

d. A brief discussion of possible reasons for the conversion error you observed.
The grade for this lab session will be based on the functionality of your circuit and on the completeness and legibility of your brief report.  The e-mailed report should be in the form of a quick status update sent to an immediate supervisor.  It should not be formal, but it should not be careless either!
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