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The platinum resistance temperature detector (PRTD) is generally accepted as the most stable and accurate temperature sensor in common use. But the PRTD resistance-versustemperature curve is nonlinear. This makes it difficult to get real precision over spans of more than a few tens of degrees Celsius. Any effort to do so will work only as well as the means used to linearize the PRTD response.

For example, in Figure 1, curve A illustrates the limitations of the standard linear approximation (100 Ω at 0°C, 138.5 W at 100°C , DIN 43 760 calibration) over a 0°C to 100°C range. (Note that °C = (RRTD − 100)/0.385). Although correct at exactly 0°C and 100°C, curve A shows this simplistic approximation is already nearly 0.4°C off at 50°C. That’s pretty bad considering that PRTDs are routinely available with calibrations better than 0.1°C. For wider spans (the DIN standard extends from −200°C to 850°C), the situation gets very bad very quickly, with a highend error of about 100°C!

Sometimes, analog linearization is appropriate (see “Precision Thermometer Linearizes, Digitally Calibrates Platinum RTDs,” Electronic Design, May 29, p.112). But in other applications, linearization must be done computationally after analog-to-digital conversion of PRTD resistance has already occurred. A classic technique for accomplishing this is the so-called Callendar-Van Dusen equation (CVD) (Fig. 1, curve B):

RRTD =

RO[1 + AT + BT2 + C(T4 − 100T3)]

                     (for T < 0)

RO(1 + AT + BT2)     (for T > 0)

where A = 3.90830 × 10−3, B = - 5.77500 × 10−7, C = − 4.18301 × 10−12, and RO = RRTD at 0°C.

CVD is a traditional favorite, but two aspects make it less than ideal. First, while CVD is accurate enough (≈ ±0.01°C) over the range of −100°C to 100°C, its errors escalate at higher temperatures (Fig. 1, curve B, again). Also, CVD inherently computes resistance as a function of temperature. This is the inverse of what’s usually wanted—temperature from resistance. Consequently, implementing CVD becomes complicated. It typically entails clumsy and computationally intensive iterated trials to find the unique T that reproduces the measured RRTD. Messy.

Luckily, a simple alternative exists—tabular interpolation. Standard PRTD calibration curves can be used to construct a small dataset of less than 200 bytes (see the table). This dataset relates temperature to a number of discrete PRTD resistances (40 in the case of the table). The resistance increment between table entries may be reasonably small, such as the 10 W used in the table. If so, the error caused by PRTD nonlinearity will be minimal. Even over the entire 1050°C span of the DIN standard, ordinary linear interpolation will do an accurate job of linearization (Fig. 2, curve C). One way to write the linear interpolation arithmetic is:

IINTERP = RRTD/10
IINT = INTEGER(lINTERP)
IFRAC = IINTERP − IINT
a = rtdtable(IINT)
b = rtdtable(IINT + 1)
T = a + IFRAC (b − a)

In case 0.05°C accuracy isn’t good enough, the performance can be improved by making the resistance increment smaller and the table larger. Or, the table can be kept the same size and the calculation made a more elaborate by going to second-order interpolation:

a = rtdtable(IINT)
b = rtdtable(IINT + 1)/2
c = rtdtable(IINT − 1)/2
T = a+IFRAC[b-c +IFRAC*(c+b-a)]

This second-order algorithm achieves excellent accuracy (Fig. 3). Notice that the scale expansion is 10 times greater and that the linearization error never gets larger than about 0.003°C.
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1. Error curve A ilusirates the severe limitations of the standard linear
‘approximation. A classic technique for accomplishing RTD
linearization computationally is the Callendar-Van Dusen equation
(ermor curve B), which uses a series-expansion calculation.
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Interfacing a resistance-temperature detector (RTD) to a computerized data-acquisition system requires a resistance-to-voltage (or current) converter (bridge, voltage divider, etc.). Also, it will be necessary to incorporate software routines to convert the ADC units of the data acquisition system back into resistance values. Once the readings from the RTD are converted back into resistance values, the following algorithms can be used to generate temperature readings.

The relationship between the temperature and the electrical resistance is described by an equation developed by Callendar and later refined by Van Dusen: 
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where t is temperature (°C), Rt is resistance at 0°C (Ω), δ is the linearity constant, and β is a constant determined by the boiling point of oxygen.

If the RTD operates at or above 0°C, the third term drops out (β = 0). The actual value of δ can be determined by measuring sensor resistance at the triple point of water (0.01°C), the boiling point of water (100°C at sea level), and a third point (RT) that can be generated with calibration equipment. Using the measured resistance and temperature values, the equation is solved for d.

If the RTD is to operate at temperatures less than 0°C, the accuracy of the equation is improved by incorporating a third term. To calculate the value of the β coefficient for the third term, it’s necessary to measure sensor resistance at the boiling point of oxygen (−182.962°C). Using the resistance values measured at the boiling point of oxygen as RT, the triple point of water, and the boiling point of water, two equations are written and solved for the values of δ and β.

To design an algorithm to solve the Callendar-Van Dusen equation, it’s necessary to generate an intermediate result (t) from the first term. The intermediate value then is used to calculate correction values from the δ and β (if present) terms. The correction values are then algebraically added to the original intermediate value to generate a temperature magnitude.

A simpler, and less accurate, conversion equation can be used to convert the RTD resistance value to a temperature magnitude. This algorithm is based on an approximation of the resistance-to-temperature relationship between 0°C and 100°C for platinum sensors:
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where t is temperature (°C), Rt is resistance at t (Ω), R0 is resistance at 0°C, and α is the temperature coefficient of resistance (Ω/Ω/°C). Two standards exist for the temperature coefficient of resistance—in the U.S. α = 0.00392 and in Europe α = 0.00385.

The listing illustrates C++ functions that implement the linearization algorithms given in this article.
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Measuring Temperatures Twice for Accuracy
By Bonnie C. Baker, 
Staff Engineer, Microchip Technology, Inc.
There are a variety of temperature sensors on the market, all of which meet specific application needs, with the most common including the thermocouple, resistive temperature detector (RTD), thermistor, and silicon-based sensors. But of all of these temperature sensors, the thermocouple is the only element that holds the esteemed position of requiring a secondary temperature sensing system to ensure that an absolute temperature measurement is taken. 
What Thermocouples are Made Of 
Thermocouples are a two-wire assemblies constructed of two dissimilar metals such as Chromel and Constantan (Type E) or Nicrosil and Nisil (Type N). The two dissimilar metals are bonded together on one end of both wires with a solder bead. This bead is exposed to the thermal environment of interest. If there is a temperature gradient between the bead and the other ends of the thermocouple wires, a voltage will appear between the two wires at the open ends. This voltage is commonly called the thermocouple's emf (electromotive force.) This emf changes with temperature without either current or voltage excitation. If the difference in temperature between the two ends (the solder bead Vs. the unsoldered ends) of the thermocouple changes, the emf will change as well. 
There are as many varieties of thermocouples as there are metals, but some combinations work better than others. The list of thermocouples shown in Table 1 below are most typically used in industry and their behaviors have been standardized by the National Institute of Standards and Technology (NIST.) The particular document from this organization that is pertinent to thermocouples is the NIST Monograph 175, "Temperature-Electromotive Force Reference Functions and Tables for the Letter-Designated Thermocouple Types Based on the ITS-90." Manufacturers use these standards to qualify the thermocouples that they ship. 
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Table: The most common thermocouple types are shown with their standardized material and performance specifications. These thermocouple types are fully characterized by the American Society for Testing and Materials (ASTM) and specified in IST-90 units per NIST Monograpgh 175.
Designing the Reference Temperature Sensor 
The signal path of the thermocouple circuit is illustrated in Fig. 1 (below.) The elements of the path include the thermocouple, absolute temperature element, analog gain cell, ADC and the reference temperature block (also known as the isothermal block.) Thermocouple #1 is the thermocouple that is at the site of the temperature measurement. Thermocouples #2 and #3 are formed as a consequence of the wires of thermocouple #1 connecting to the copper traces of the PCB. 
An absolute temperature reference is required wherever a thermocouple is used to sense temperature. The reference is used to remove the emf error that is created by thermocouples #2 and #3 in Fig. 1 where the isothermal block is configured so that these thermocouples are kept at the same temperature as the absolute temperature sensing device. This can be done by keeping the circuitry in a compact area, analyzing the board for possible hot spots, and identifying thermal hot spots in the equipment enclosure. With this configuration, the known temperature of the copper junctions can be used to determine the actual temperature of the thermocouple bead. 
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Fig1: A typical conditioning path for the thermocouple sensing circuit. The sensing element is thermocouple #1. Thermocouple #2 and #3 are formed with the temperature sensing element and the copper traces of the PCB
In Fig. 1, again, the absolute reference temperature is sensed and then subtracted from the thermocouple voltage. This style of compensation is implemented in hardware; or, the absolute reference temperature can be directly sensed and subtracted in software. The hardware solution can be designed to be relatively error free, but more than likely it has slight linearity errors, as will be discussed later. The software correction can be more accurate because of the computing power of the processor. The trade-off for this type of calibration is computing time. 
The relationship between the thermocouple bead temperature and zero degrees C is published in the form of look-up tables or coefficients of polynomials in the NIST publication mentioned earlier. If the absolute temperatures of thermocouples #2 and #3 (Fig. 1, again) are known, the temperature at the test site (thermocouple #1) can be calculated. 
Isothermal Block-Error Correction Hardware Implementations 
Many techniques can be used to sense the reference temperature on the isothermal block; five of which are discussed here. The first example uses a second thermocouple. It is used to sense ambient at the copper connection and configured to normalize the resultant voltage to an absolute temperature. A second example uses a standard diode to sense the absolute temperature of the isothermal block. This is done by using its negative temperature coefficient of -2.2mV/ýC, which is a characteristic of the diode. Thirdly, a thermistor temperature sensor is shown as the reference temperature device. As with the diode, most thermistors have a negative temperature coefficient. The thermistor is a little harder to use because of its tendency to non-linearities, but the price is right. Another technique discusses an RTD (resistance temperature detector) as the reference temperature sensor. These sensors are best suited for precision circuits. And, finally, the silicon temperature sensor is briefly discussed. 
Using a Second Thermocouple for a Reference 
A second thermocouple can be used to remove the error contribution of all of the thermocouples in the circuit. A circuit that uses this technique is shown in Fig. 2. 
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Fig2: The temperature on the isothermal block can be sensed with the same type thermocouple as is positioned at the measurement site. This configuration zeros out the errors introduced into the signal path that are caused by thermocouple #2 and #3.
In this circuit example a Type E thermocouple is chosen to sense the unknown temperature at the measurement site. The Type E thermocouple is constructed of Chromel (a combination of Nickel and Chromium) on its positive side and Constantan on its negative side. A second Type E thermocouple is included in the circuit. It is positioned on the isothermal block and installed between the first thermocouple and the signal-conditioning circuit. The polarity of the two Type E thermocouples is critical so that the Constantan on both of the thermocouples are connected together. 
From this circuit configuration, two additional thermocouples are built, both of which are constructed with Chromel and copper. These two thermocouples have a voltage-to-temperature response that opposes one another in the circuit. If both of these newly-constructed thermocouples are at the same temperature, they will cancel each other's temperature-induced errors. The two remaining Type E thermocouples generate the appropriate emf that identifies the temperature at the site of the first thermocouple. 
This design technique is ideal for instances where the temperature of the isothermal block has large variations, or the first derivative of the voltage-Vs.-temperature relationship of the selected thermocouple has a sharp slope (Fig. 3.) Thermocouples that fit into this category in the temperature range from 0 ýC to 70 ýC are Types T and E. 
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Fig3: Thermocouples do not have linear responses in EMF voltage due to temperature changes. This graph shows the first derivative of this behavior in the form of the change in temperature gradient of the thermocouple with the change in temperature.
The error calculation for the compensation scheme in Fig. 2 is: VTEMP = +emf3 + emf1 - emf4 - emf2,

where,

emf1 is the voltage drop across the Type E thermocouple at the test measurement site.

emf2 is the voltage drop across a Copper/Constantan thermocouple, where the copper metal is actually a PCB trace.

emf3 is the voltage drop across a Copper/Constantan thermocouple, where the copper metal is actually a PCB trace.

emf4 is the voltage drop across a Type E thermocouple on the isothermal Block VTEMP is the equivalent emf of a Type E thermocouple, #1, referenced to 0 ýC. 
The temperature reference circuitry is configured to track the change in the Seebeck Coefficient (Fig. 3) fairly accurately. The dominating errors with this circuit will occur as a consequence of less than ideal performance of the Type E thermocouples, variations in the purity of the various metals, and an inconsistency in the temperature across the isothermal Block. 
Diode Temperature Sensing 
Diodes are useful temperature sensing devices where high precision is not a requirement. Given a constant current excitation, standard diodes, such as the IN4148, have a voltage change with temperature of approximately -2.2 mV/ýC. These types of diodes will provide fairly linear voltage-Vs.-temperature performance. However, from one part to another they may have variations in absolute voltage drop across the diode as well as differences in temperature drift. 
This type of linearity is not well suited for thermocouples with wide variations in their Seebeck Coefficients over the temperature range of the isothermal block (Fig. 3, again.) In that case, thermocouple Types K, J, R and S may be best suited for the application. If the application requires more precision in terms of linearity and repeatability from one part to another than an off-the-shelf diode, there are parts available that are designed specifically for temperature sensing applications. 
A single supply circuit that uses a diode for the absolute temperature sensor is shown in Fig. 4. A voltage reference is used in series with a resistor to excite the diode. The diode change with temperature has a negative coefficient, but the magnitude of this change is much higher than the change of the collective thermocouple junctions on the isothermal block. This problem is solved by putting two series resistors in parallel with the diode. In this manner, the change of -2.2 mV/ýC of the diode is attenuated to the Seebeck Coefficient of the thermocouple on the isothermal block. The Seebeck Coefficient of the thermocouples on the isothermal block are also equal to the Seebeck Coefficient (@ isothermal block temperature) of the thermocouple that is being used at the test site. Fig. 4 shows some recommended resistance values for various thermocouple types and excitation voltages. 
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Fig4a: TA diode can be used to reduce the errors of thermocouple(TC) #2 and #3 that are introduced into the temperature sensing system. In this circuit, changes between Vsupply and VREF need to be kept as small as possible.
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Fig4b
This circuit appears to provide a voltage excitation for the diode. This is true, but the ratio of the voltage excitation to voltage drop changes with temperature minimize linearity errors. Of the three voltage references (D2) chosen in Fig. 4, a constant 10-V drop across D2 provides the most linear results. It might also be noticed that changes in the D2 voltage will also change the current through the diode. This being the case, a precision Zener reference is recommended for higher-accuracy applications. 
Thermistor Circuits 
Thermistors are resistive devices that (generally) have a negative temperature coefficient (NTC.) These inexpensive sensors are ideal for moderate precision thermocouple sensing circuits when some or all of the non-linearity of the thermistor is removed from the circuit. 
The NTC thermistor's non-linearity can be calibrated out with software or hardware techniques. The software techniques are more accurate although hardware techniques are usually more than adequate. Fig. 5 shows a thermistor in series with an equivalent resistor and voltage excitation. In this circuit, the change in voltage with temperature is about -50 mV/ýC. This temperature coefficient is too high but a resistor divider (R1 and R2 in Fig. 5) can easily provide the required temperature coefficient dependent on the thermocouple Type. As is, with the diode temperature sensor circuit in Fig. 4, the voltage drop across the thermistor, R1, and R2 must be kept constant over time and temperature. A Zener reference is again recommended. 
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Fig5: If the summation of R1 and R2 is equal to the nominal resistance of the thermistor at 25ýC, resistance will be most linear between 0 to 50ýC.
Alternatively, the NTC thermistor can be excited with a current source. Low-level current sources, such as 20 ýA, are usually recommended to minimize self-heating problems. Fig. 6 compares the linearity with current excitation to voltage excitation. As shown, a thermistor that is operated with current excitation is fairly non-linear (requiring a 3rd order polynomial equation for corrections.) With this type of circuit, software calibration would be needed, and although somewhat cumbersome, this type of excitation scheme can be more accurate. On the other hand, a voltage excitation does have fairly linear operation over a limited temperature range (0 ýC to 50 ýC.) Taking advantage of this linear region reduces software calibration overhead significantly. 
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Fig6: The non-linearity of the thermistor is most prevalent with a current excitation. In contrast, the combination of a series voltage source and resistor create a region of linearity between 0 and 50ýC.
RTD Sensor Circuits 
Typically an RTD would be used on the isothermal block if high precision is desired. The RTD element is nearly linear so employing linearization algorithms for the RTD is usually overkill. The most effective way to get good performance from an RTD is to excite it with current. Both Figs. 7 and 8 show circuits that can be used for this purpose. 
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Fig7: A 200ýA current source is gained to a 1mA current cource that excites the RTD temperature sensing element. Current excitation for the RTD element is the most effective way to get good linear performance of the RTD resistance versus temperature. 
In Fig. 7, a precision current reference is gained by the combination of R1, R2, J1, current reference and an op amp. The current reference generates a 200 ýA precision current source. That current is pulled across R1 forming a voltage drop for the power supply down to the non-inverting input of the op amp. The op amp is used to isolate R1 from R2, while translating the voltage drop across R1 to R2. In this manner, the 200 ýA current from the current reference is gained by the ratio of R1/ R2. J1 is used to allow the voltage at the top of the RTD element to float, dependent on its resistance changes with temperature. The RTD element should be sensed differentially with the voltage across this output proportional to absolute temperature. 
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Fig8: A combination of a voltage reference and two operational amplifiers generate a 1mA current source that excites the RTD temperature sensing element. 
In Fig. 8 a voltage reference is used to generate a 1 mA current source for the RTD element. The advantage of this configuration is that the voltage reference can be used elsewhere, allowing ratiometric calibration techniques in other areas of the circuit. 
The RTD sensor is best suited for situations where software isothermal block error correction is used exclusively. Both of the RTD circuits (Figs. 7 and 8) will output a voltage that is fairly linear and proportional to temperature. This voltage is then used by the processor to convert the absolute temperature reading of the isothermal block back to the equivalent emf. This can be performed by the processor with a look-up table or a polynomial calculation for higher accuracy. The calculated emf is then subtracted from the voltage measured across the sensor/isothermal block combination. In this manner, the errors from the temperature at the isothermal block are removed. 
Silicon Sensor 
Silicon temperature sensors are differentiated from the simple diode because of their complexity. A silicon temperature sensor is an integrated circuit that uses the diode as a basic temperature-sensing building block. It conditions the temperature response internally and provides a usable output such as 0 to 5 V, digital 8- or 12-bit word, or temperature-to-frequency. The accuracy of these devices is not as good as the thermistor or RTD, but the output signal format offers a convenience for the microprocessor. 
These devices are similar to the RTD in that they are not used for hardware calibration. The output of this type of device is used by the processor to remove the isothermal block errors. 
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Fig9: Silicon integrated temperature sensing circuits can be used to measure the temperature on the isothermal block. With this strategy, the uC removed the isothermal block errors and linearizes the thermocouple EMF voltage to obtain the absolute temperature at the thermocouple sensing element.
Two Temperature Measurements Equals Twice as Good!? 
The thermocouple does a reasonably good job in sensing temperatures in hostile environments, be it atmospheric or high temperatures. But in all applications using the thermocouple, a second temperature sensing channel needs to be designed in order to determine the absolute temperature of the measurement site. Without this second temperature sensing device, the thermocouple circuit will only report the difference in temperature between the various thermocouples in the circuit. There are a variety of sensors to choose from that will perform this task. The use of these sensors, coupled with the power of the microcontroller, is the most effective when trying to achieve an accurate, absolute temperature measurement. 
