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Abstract: This paper aims at designing an intelligent temperature measurement technique using J type 
thermocouple with an optimized neural network model. The objectives of this work are to (i) extend 
the linearity range of measurement to 100 % of the full scale, (ii) make the measurement system 
adaptive of variation in temperature coefficients and (iii) to achieve (i) and (ii) using optimal neural 
network. The output of thermocouple is in mV range. A suitable data conversion circuit is used to 
convert mV to voltage and to overcome the problem of interference of noise and open thermocouple 
detection. A suitable optimal Artificial Neural Network (ANN) block is added in cascade to data 
conversion unit. This arrangement helps to linearise the overall system and make it adaptive of 
variations in temperature coefficients. Since, the proposed intelligent temperature measurement 
technique produces adaptive of variation in physical properties of thermocouple. It avoids the 
requirement of repeated calibrations every time the thermocouple is replaced. Simulation results show 
that proposed measurement technique satisfies the objectives. Copyright © 2012 IFSA. 
 
Keywords: Artificial neural networks, Thermocouple, Sensor modelling. 
 
 
 
1. Introduction 
 
Attempts of standardized temperature measurement have been reported as early as 170 AD by 
Claudius Galenus. The modern scientific field has its origins in the works by Florentine scientists in 
the 17th century. Temperature is one of the most frequently used process measurements. Almost all 
chemical processes and reactions are temperature dependent. In chemical plants, temperature is 
frequently the only indication of the progress of a process. Where the temperature is critical to the 
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reaction, a considerable loss of product may results from incorrect measurement of temperatures. In 
some cases, loss of control of temperature can results in catastrophic plant failure with consequent 
damages and possible loss of life. There are many other areas of industry in which temperature 
measurement is essential. Such applications include steam raising and electricity generation, plastics 
manufacture and moulding, milk and dairy products, and many other areas of the food industries. Thus, 
an accurate and precise measurement of temperature is very important. 
 
Many methods have been developed for measuring temperature. Most of these rely on measuring some 
physical property of a working material that varies with temperature. Thermocouple is one such sensor 
which finds a wide application in a process industry because of its characteristics like accuracy and 
precision. However in the thermocouple the problem of non linearity has restricted its applications. To 
solve the problem of linearizing a sensor, there are in general two methods, the first one requires 
nonlinear analog circuit and the second uses numerical methods that are computed by microprocessor 
or personal computer [1]. The first method has a few practical drawbacks. Further, the whole circuitry 
may be altered or replaced when there is need to change thermocouple to achieve wide range, different 
sensitivity, cost etc. This increases the time and effective cost of the instrument. The last method is 
preferred because computer is used today for data acquisition and also it has the advantage of 
linearization on taking into account the effect of disturbing variables. 
 
Artificial neural networks are broadly useful in a wide range of applications such as signal and image 
processing, pattern recognition [2], control systems [3] and recently instrumentation [4]. Because of 
their nonlinear characteristics, they are very useful in solving complex problems more accurately than 
linear techniques. So a method has been proposed in this paper using the concept of ANN. The ANN 
model is added in cascade to an amplifier circuit which will be trained to produce the linear relation 
between the input temperature and output of ANN. Further it’s also made intelligent so as to produce 
results adaptive of the variation in physical parameters of the thermocouple so that no action is to be 
taken even though there is a change in thermocouple. 
 
Literature survey reveals that linearization of temperature measurement using thermocouple has been 
attempted by many researchers using various techniques. Neural networks are used for this purpose by 
[5-7]. Linearization is achieved by analog circuits in [8, 9]. Linearization of level measurement using 
capacitance level sensor and making it independent of permittivity of the measuring liquid is discussed 
in [10]. Temperature measurement is presented in [11] using thermistor. Linearization of such 
temperature measurement and making it independent of temperature coefficient s of thermistor is 
reported. 
 
The paper is organized as follows: after introduction in Section-1, a brief description on thermocouple 
is given in Section-2. The output of the thermocouple is mV; a brief discussion on signal conditioning 
unit i.e. an amplifier and compensator is discussed in Section-3. Section-4 deals with the problem 
statement followed by proposed solution in Section-5. Finally, result and conclusion is given in 
Section-6. 
 
 
2. Thermocouple 
 
A thermocouple is a temperature-voltage transducer. It is a device made by two different wires joined 
at one end, called junction end or measuring end. The two wires are called thermo elements or legs of 
the thermocouple. The two thermo elements are distinguished as positive and negative ones. The other 
end of the thermocouple is called tail end or reference end as shown in Fig. 1. The junction end is 
immersed in the environment whose temperature T2 is to be measured, while the tail end is held at a 
different temperature T1. 
 



Sensors & Transducers Journal, Vol. 147, Issue 12, December 2012, pp. 6-14 

 

 

8

 
 

Fig. 1. Schematic diagram of a thermocouple. 
 
 

Because of the difference in temperature between junction end and tail end, a voltage is measured 
between two thermo elements at tail end. 
 
Approximately 300 different types of temperature measuring thermocouples have been identified and 
studied [12]-[14]. But, only a few types having the more favorable characteristics are used in general. 
There are eight types of thermocouples that have been standardized. Table 1 shows the list of standard 
thermocouples with its materials and ranges. 
 
 

Table. 1. Types of standard thermocouple  
 

No. Type  Materials Typical Range °C  
1. T  Copper (Cu) vs. Constantan  -270 to 400  
2. J  Iron (Fe) vs. Constantan  -210 to 1200  
3. K  Chromel vs. Alumel  -270 to 1370  
4. E  Chromel vs. Constantan  -270 to 1000  
5. S  (Pt-10%Rh) vs. Pt  -50 to 1768  
6. B  (Pt-13% Rh) vs. (Pt-6% Rh)  0 to 1820  
7. R  (Pt-13%Rh) vs. Pt  -50 to 1768  
8. N  (Ni-Cr-Si) vs. (Ni-Si-Mg)  -270 to 1300  

 
 
Equation 1 illustrates the power series model used for J type thermocouples [5, 6] 
 
  µV, (1)
 
where: T2 – Hot junction temperature of thermocouple in oC; 
     T1 – Cold junction temperature of thermocouple in oC; 
     C1 & C2 – Coefficients depending on the materials used. 
 
 
3. Data Conversion Unit 
 
The block diagram representation of the proposed measurement technique is given in Fig. 2. 
 
 

Temperature Thermocouple Compensator + ANN 

Known temperature 
coefficients 

Display 

 
 

Fig. 2. Block diagram of the proposed temperature measurement technique. 
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3.1. Compensator and Amplifier 
 
The tail end is maintained at ambient temperature by cold junction compensator. The temperature 
fluctuations between two legs at the tail end are tolerated. Thermocouple produces a voltage 
proportional to (T2-T1) and hence the voltage proportional to T2 is not generated. An additional voltage 
equal to the voltage produced by thermocouple for the temperature difference of 0 oC to T oC is added 
with the voltage at tail end so that the total voltage is proportional to T2 

oC. [12-15]. 
 
A sketch of a thermocouple with cold junction compensation is shown in Fig. 3. 
 
 

 
 

Fig. 3. A Cold Junction Compensation circuit. 
 
 

The output of thermocouple ranges in the mV. Which make it very difficult to handle such signal. So, 
an amplifier is used to amplify the signal as shown in Fig. 3. The ratio of R2 and R1 will decide the 
amplification factor. Because thermocouples generate a relatively small voltage, noise is always an 
issue. The most common source of noise is the utility power lines (50 or 60 Hz). Thermocouple 
bandwidth is lower than 50 Hz, so a simple filter in each channel can reduce the interfering ac line 
noise. Common filters include resistors and capacitors and active filters built around op amps. 
Detecting open thermocouples easily and quickly is especially critical in systems with numerous 
channels. Thermocouples tend to break or increase in resistance when exposed to vibration, poor 
handling, and long service time. A simple open thermocouple detection circuit comprises a small 
capacitor placed across the thermocouple leads and driven with a low level current. The low 
impedance of the intact thermocouple presents a virtual short circuit across the capacitor so it cannot 
charge. But when a thermocouple opens or significantly changes resistance, the capacitor charges and 
drives the input to one of the voltage rails, which positively indicates a defective thermocouple. 
 
 
4. Problem Statement 
 
In this section characteristics of thermocouple are simulated to understand the difficulties associated 
with the available measurement technique. For this purpose, simulation is carried out using J type 
thermocouple. The equation (1) is used to find the output voltage of thermocouple with respect to 
various values of input temperatures considering a particular value of temperature coefficients. These 
output voltages are used as input to compensator and amplifier circuit and the final voltage is 
produced. 
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The MATLAB environment is used and the following are shown in Fig. 4 and Fig. 5. 
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Fig. 4. Data converter outputs for variation of temperature with C2 and C1 = 60. 
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Fig. 5. Data converter outputs for variation of temperature with C1 and C2 = 0.045. 
 
 

Fig. 4 and Fig. 5 show the variation of voltage with the change in input temperature for different 
values of coefficients. 
 
It has been observed from the above graphs (Fig. 4 and Fig. 5) that the output from the data converter 
circuit has a non linear relation. Datasheet of thermocouple suggests that the input range of 10 % to 
70% of full scale is used in practice as linear range. The output voltage also varies with the changes in 
coefficients. These are the reasons which have made the user to go for calibration techniques using 
some circuits. The conventional techniques have a drawback that its time consuming and need to be 
calibrated every time a thermocouple is replaced in the system. Further, the use is restricted only to a 
portion of full scale. 
 
To overcome these drawbacks, this paper makes an attempt to design a temperature measurement 
technique incorporating intelligence to produce linear output and to make the system adaptive of 
variations in temperature coefficients using a suitable optimized artificial neural network. 
 
 
5. Problem Solution 
 
The drawbacks discussed in the earlier section are overcome by introducing an optimized ANN model 
is cascaded after data converter unit. This model is designed using the neural network toolbox of 
MATLAB. 
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The first step in developing a neural network is to create a database. The output voltage of the system 
for a particular change in temperature and coefficients C1 and C2 is stored as row of input data matrix 
various such combinations of input temperature, C1, C2 and their corresponding output voltages are 
used to form the other rows of input data matrix. The output matrix would be the target matrix 
consisting of data having a linear relation with the temperature and adaptive of variation in C1 and C2 
all other parameters as shown in Fig. 6. 
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Fig. 6. Target graph for ANN. 
 
 
5.1. Training 
 
The process of finding the weights to achieve the desire output is called training. The optimized ANN 
is found by considering different algorithms with varying hidden layer as shown in Table. 2. Mean 
Squared Error (MSE) is the average squared difference between outputs and targets. Lower values of 
MSE are better. Zero means no error. Regression (R) measure the correlation between output and 
target. Regression equal to 1 means a close relationship and 0 means a random relationship. With these 
details the network is trained to achieve its desired target. The details of the neural network are given 
in Table 2. 
 
 

Table. 2. Comparison of Algorithm and Hidden layers. 
 

Hidden 
layers 

GNA LMA 
BP trained 

by ACO 
RBF trained by 

ACO 
MSE 3.256E-2 3.516E-2 1.11E-2 2.325E-3 

1. 
R 0.7992 0.889999 0.92353 0.9568 
MSE 7.3658E-3 1.986E-3 5.83E-4 3.658E-5 

2. 
R 0.8659512 0.91456 0.99875 0.9992 
MSE 3.465E-5 9.264E-5 1.32E-6 3.658E-7 

3. 
R 0.998856 0.9994513 0.9999235 0.99998265 
MSE 6.78E-7 2.585E-7 1.993E-9 6.847E-10 

4. 
R 0.9999321 0.999992 0.99999940 0.999999 

 
 
Four different schemes and algorithms are used to find the optimized ANN. These are Gauss-Newton 
Algorithm (GNA) [16, 17], Levenberg-Marquardt algorithm (LMA) [16, 18], Back Propagation neural 
network (BP) trained by Ant Colony Optimization (ACO) [19-21] and Radial Basis Function (RBF) 
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trained by ACO [22-24]. Training of ANN is first done assuming only one hidden layer. MSE and R 
values are noted. Hidden layer is increased to 2 and training is repeated. This process is continued up 
to 4 hidden layers. In all cases MSE and R are noted and shown in Table 2. MSE’s and R’s 
corresponding to different algorithm and hidden layers are shown in Fig. 7 and Fig. 8. From  
Table 2, Fig. 7 and Fig. 8 its very clear that RBF trained by ACO yields most accurate results. RBF 
trained by ACO with 3 layers is considered as the most optimized ANN for better accuracy of result. 
 
 

 
 

Fig. 7. Graph showing the MSE corresponding to different ANN models. 
 
 

 
 

Fig. 8. Graph showing the R corresponding to different ANN models. 
 
 

6. Result and Conclusion 
 
As discussed, ANN is trained, validated and tested with simulated data. Once the training is over, the 
proposed measurement system as shown in Fig. 2 is subjected to various test inputs corresponding to 
different combinations of temperature, C1 and C2, all within the range given in Table. 3. For testing 
purposes the range of temperature is considered from -210 oC (63 K) to 1200 oC (1473 K). The range 
of coefficient C1 is 50 to 70 and range of coefficient C2 is 0.039 to 0.051. The output voltages and of 
system are noted corresponding to various combination of input temperature coefficients C1 and C2, 
within the range. The input temperatures and the corresponding output voltages are plotted and are 
shown in Fig. 9. The output graph is matching the target graph as shown in Fig. 6. 
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Table 3. Summarizes the require data for training. 
 

Optimized parameters of the neural networks model 
Training base (70 %) 98 
Validation base (15 %) 21 Database 
Test base (15 %) 21 
1st layer 7 
2nd layer 7 No of neurons in 
3rd layer 8 
1st layer tansig 
2nd layer tansig 
3rd layer tansig 

Transfer function 
of 

Output layer linear 
 Temperature C1 C2 

min -210 oC (63 K) 50 0.039 

In
pu

t 

max 1200 oC (1473 K) 70 0.051 
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Fig. 9. Response of the system for change in temperature and temperature within the range. 
 
 
It is evident from the Fig. 9, that the proposed measurement technique has incorporated intelligence to 
the thermocouple. It has increased the linearity range of the thermocouple to 100 % of full scale of 
input range and the output is made adaptive of variation in coefficients C1 and C2. Thus if a 
thermocouple is replaced by another having different values of temperature coefficients, the proposed 
measurement technique does not require any calibration. 
 
Available reported works have discussed different techniques used for calibration of thermocouple, but 
these are not adaptive of variations in temperature coefficients. Hence, repeated calibration is 
requested for any change of thermocouple. Some time the calibration circuit may itself be replaced 
which is a time consuming and tedious procedure. Further, some reported works don’t utilize the full 
scale of measurement. In comparison to these, the proposed measuring technique achieves linear input 
output characteristics for full input range and also makes the output adaptive of variations in the 
coefficients. So, proposed technique avoids repeated calibration every time a thermocouple is replaced. 
An optimized ANN is used by comparing various scheme, algorithms and hidden layers to achieve the 
objectives in comparison to an arbitrary ANN in most of the reported works. Similarly technique may 
be incorporated for other different types of thermocouples. 
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