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The simplified metrological software test (MST) for modeling the method of determining the thermocouple (TC) error in situ during 
operation is considered in the paper. The interaction between the proposed MST and a temperature measuring system is also reflected in 
order to study the error of determining the TC error in situ during operation. The modelling studies of the random error influence of the 
temperature measuring system, as well as interference magnitude (both the common and normal mode noises) on the error of determining 
the TC error in situ during operation using the proposed MST, have been carried out. The  noise  and  interference  of  the  order  of 5-6 μV 
cause the error of about 0.2-0.3°C. It is shown that high noise immunity is essential for accurate temperature measurements using TCs.  
 
Keywords: Thermocouple, determination of TC error in situ, determination of TC error during operation, metrological software test, 
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1.  INTRODUCTION 

Measurement plays an important role in science, industry, 
and commerce. The influence of metrology can be felt in 
technics [1], [2], technology [3], [4], economy [5], [6] and 
science [7]-[9], as well as in the fields of public health and 
safety [10], law and legal system and forensic studies [11], 
and in many others. Thus, it is no wonder that a considerable 
share of GDP in the developed countries belongs to the field 
of metrology and adjacent fields [12].  

There are many measurement techniques and sensors [13] 
but the temperature is one of the most frequently measured 
physical quantities. Therefore, thermometry is a very 
important branch of metrology, and it also has numerous 
sensors [13]-[16] and techniques [17]-[19]. The importance 
of thermometry is reflected in the fact that the unit of 
temperature is one of the basic units of the International 
System of Units. Therefore, a lot of attention is dedicated to 
studying trends of thermometry [20] and improvement of 
the existing temperature scale [21].  

Thermocouples (TCs) dominate in temperature 
measurements within the interval from 600°C to 1500°C 
[22]. However, they have a lot of sources of error: (i) 
electromagnetic interference [23]; (ii) data acquisition 
modules [24]; (iii) the reference junction [25]; (iv) 
nonlinearity of the conversion characteristic (CC) [22], [26]; 
(v) transient processes [22]; (vi) the initial deviation of CC 

from the nominal one (also called tolerance) at 800°C 
reaches 6°C [22], [26]; (vii) degradation of TC legs with 
operating time which leads to their longitudinal 
inhomogeneity [26]-[28], which is considered the biggest 
source of error. The latter source causes two interrelated 
errors: (i) the error due to drift of TC CC, which manifests 
itself in a stable condition of operation as a gradual change 
of a CC with time [28], which can reach 8°C for 1000 hours 
at 800°C; (ii) the error due to acquired under high 
temperatures during long term operation thermoelectric 
inhomogeneity (henceforth the error due to acquired 
thermoelectric inhomogeneity), which manifest itself as the 
dependence of the developed emf on temperature 
distribution along the TC legs [29]. The latter error is 
considered to be the most dangerous when measuring 
temperature using thermocouples: according to [29] it can 
even reach 30°C at the measured temperature of 1000°C. 
Recently, there was proposed the TC based sensor to cope 
with the error due to inhomogeneity [15], [16]. It decreases 
the error due to inhomogeneity approximately 10 times [15]. 
However, this sensor does not decrease the error due to drift 
of TC CC. It just allows using the known methods [27] to 
decrease this error in a changeable temperature field of a 
measured object. The error due to drift is quite well studied 
and even reliable techniques of its prediction exist [27], but 
the method [27] works only in stable temperature fields and 
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does not work in changeable temperature fields. However, 
the sensor [15], [16] requires methods for temperature 
control, for instance [30].  

Data acquisition systems for TC are being complicated by 
correction of various errors [24], [25] and implementation of 
auxiliary procedures [31]-[33]. This makes it difficult to 
determine their metrological properties. To solve this 
problem the simulation modeling is widely used [32], [34]. 
A special software tool, called the metrological software test 
(MST), was proposed [34]. The MST contains templates of 
simulation models of typical components of a measuring 
channel that take into account various components of the 
error. It allows simulating different values of components of 
the error, the relations between them, the effect of influence 
quantities, drifts due to time and temperature, etc. The MST 
allows determining the reaction of the studied measuring 
channel   to   various   errors  and  the  efficacy  of  the  error  

suppression measures. However, the MST presented in [34] 
is very complex. The goal of this paper is to create the 
special simplified MST to study the method of determining 
the TC error in situ during operation [33] (henceforth the 
method of determining the TC error). The method [33] is 
possible only for the sensor proposed in [15], [16]. 
 
2.  THE METHOD OF DETERMINING THE THERMOCOUPLE 
ERROR IN SITU DURING OPERATION 

The method of determining the TC error [33] using the 
purposeful change of a temperature field along the TC legs 
was proposed. A regular TC (i.e., a TC available on the 
market and described in [13], [22]), labeled as 1, is shown in 
Fig.1. It is located in the bore of tubular multi-zone furnace 
2. Furnace 2 is attached to the wall of object 3 whose 
temperature is to be measured. The axis of symmetry is 4. 
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Fig.1.  The method of determining the TC error. 
 

The temperature field of object 3 (the temperature field 
labeled A an the bottom of Fig.1.) changes during operation 
(for example, within A1 and A2 due to diurnal or weather 
changes or both simultaneously). In this case, the error due 
to acquired thermoelectric inhomogeneity appears. 
Therefore, the first goal of furnace 2 is to stabilize the 
temperature field profile along the legs of TC 1. Furnace 2 
stabilizes temperature field maintaining the temperature 
field profile labeled B (see Fig.1., lines L3 and L4). Such 
stabilization does not make it possible for the error due to 
acquired thermoelectric inhomogeneity of TС 1 to appear.  

Thus, the correction of the TС 1 error is reduced to the 
correction of the individual deviation of TС 1 CC from the 
nominal one (based on the calibration before operation) and 
the correction of the error due to drift of the TС 1 CC with 
operation time. The methods to correct the error due to drift 
of a TC CC are known [27]. The method for forecasting the 
error due to drift of a TC CC using neural networks was 
proposed [27]. This method allows correcting the individual 
drift of a TC CC based on the results of determining the TC 

error. However, the high potential of the method [27] can be 
only used when a periodic determination of the individual 
TC error during operation is performed. 

Therefore, the second goal of furnace 2 is to carry out a 
purposeful change in the profile of the temperature field to 
determine the current error of a TС (the error at a certain 
instant according to the method described in [33]) in situ 
during its operation. When determining the TC error, the 
zone of temperature gradient of the temperature field along 
TC 1 legs is shifted to the position labeled C (see Fig.1., 
lines L1 and L2). In the profile of temperature field labeled 
C, emf is developed by the sections of TC 1 that are usually 
operated at low temperatures (which means that L3-L2>0). 
Therefore, the CC of these sections L1-L2 does not undergo 
degradation and thus does not drift during operation. If the 
temperature of the TC 1 measuring junction during this 
procedure remains constant, then the difference between the 
emfs developed in the profiles B and C equals the error due 
to drift of the CC of TC 1 [33]. Before the operation of TC 
1, its calibration in the profile of the temperature field C is 
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necessary. The emf of TC 1 during this calibration is 
developed only by the section limited by lines L1-L2. Based 
on the results of this calibration, one will determine the 
initial error of the TC. The sum of the initial error and the 
error due to drift equals the current TC error [33]. The TC 1 
error will decrease 8-12 times. Thus, the combination of the 
methods [27] and [33] ensures the high accuracy of 
temperature measurements. 
 
3.  THE STRUCTURE OF THE MST FOR STUDYING THE METHOD 
OF DETERMINING THE THERMOCOUPLE ERROR 

The general structure of the simplified MST, which allows 
testing the measuring channel in the mode of TC error 
determination [35], is given in Fig.2. It consists of the 
following software blocks: (i) the specification of the 
parameters of profiles of the operation temperature field of 
the TC and the deviations of the Seebeck coefficient from 
the nominal one during operation; (ii) the calculation of the 
temperatures of the endpoints of the virtual sections, into 
which the TC is split, during operation TLi

OPER and during 
the determination of TC error TL

ER according to the method 
[33]; (iii) the calculation of the nominal thermo-emf Ei

NOM 
for the virtual sections; (iv) the calculation of the error of the 
endpoint temperatures of the virtual sections into which the 
TC is split caused by the errors of the temperature control 
systems of multi-zone furnace 2; (v) the calculation of the 
absolute errors of these virtual sections; (vі) the calculation 
of the actual thermo-emfs of these virtual sections; (viii) 
three accumulative adders. The accumulative adders 
calculate both the net nominal and actual thermo-emfs of the 
TC and its error based on the calculations of the 
corresponding parameters of the virtual sections. 

To study the influence of separate components on the 
residual error of TC 1 (the error of the correction of the error 

due to drift of the CC of TC 1), the coefficients KСONT and 
KDEG are applied. The coefficient KСONT determines the level 
of the random error in the systems for setting the profile of 
temperature field of each zone in furnace 2 during operation 
and calibration. The error ΔTСONT can be randomly 
simulated by the formula 

 

( )5.0−⋅=∆ rndKT CONTCONT                       (1) 

 
where rnd – uniformly distributed random variable with 
limits of change from 0 to 1.  

The coefficient KDEG determines the random deviation of 
the rate of degradation processes in the virtual sections into 
which TC 1 is split. The error of each virtual section is 
randomly simulated by the formula 

 
( )5.0−⋅∆⋅=∆ rndeKT iDEGDEG  ,                 (2) 

 
where Δei - the deviation of the Seebeck coefficient of the i-
th section due to degradation of the legs. 

The connection block diagram of a temperature measuring 
system to the MST is given in Fig.3. It includes the MST, 
whose output generates the nominal value of TC thermo-
emf ETP

NOM, the actual TC thermo-emf (including the error) 
ETP and the value of the absolute error of the TC CC ΔETP. 
The values of thermo-emf ETP

NOM and ETP simulate the 
thermo-emf developed by the TC in the temperature field of 
determining the error due to drift of the TC CC and in that 
of operation. These values are submitted to the temperature 
measuring system that is currently under test. The random 
errors of the measuring channel of emf ΔΣ

RND are 
superimposed with ETP

NOM and ETP in this system.  
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Fig.2.  The structure of the simplified MST to test the measuring channel in the mode of determining the TC error during operation. 
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The values of the error due to noise ΔΣ
NOISE are randomly 

simulated similarly to (1). To study the effect of ΔΣ
NOISE on 

the error determination, the coefficient KNOISE similar to the 
coefficient KСONT  is applied.  

Based on the values of thermo-emfs ETP
NOM and ETP the 

temperature measuring system has to determine the error 
ΔETP

SYS of the main TC, which will be used by the system in 
the future to correct its error by constructing the individual 
model of the error due to drift of the TC CC, using, for 
instance, neural networks as in [27]. The unit analysis of 
correction error determines the deviation of the error value 
ΔETP

SYS obtained by the temperature measuring system from 
the error value ΔETP determined by the MST. The unit 
analysis of correction error interprets these deviations as the 
error of determining the error for the main TC. 
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Fig.3.  The connection of the temperature measuring system to the 
MST in the mode of determining the error of the main TC. 

 
4.  THE RESULTS OF THE STUDY 
A.  Influence of the error of temperature control 

Firstly, the influence of the error of temperature control of 
zones in multi-zone furnace 2 (see Fig.1.) on the error of 
determining the TC error during operation was studied. For 
this purpose the following values of the coefficient 
KСONT= 0.1; 1; 10; 100 were considered. These values 
correspond to the change in the random error of the systems 
for setting the profile of temperature field for furnace 2 
within the interval ΔTCONT≤0.00125…1.25°C because type 
K TCs were studied.  

At the same time, the coefficient, which characterizes the 
rate of degradation in virtual sections, into which TC 1 was 
split, was given the minimum, that is KDEG=0.1. This means 
that the rate of degradation in all TC 1 virtual sections was 
very small, that is, ΔTDEG=0.00125°C. The coefficient 
KNOISE, determining the level of the random error in the 
measuring channel, was also set as minimum KNOISE=2. This 
means that the voltage of the random error of the measuring 
channel does not exceed UNOISE≤1 µV. This corresponds to 
the temperature error of ΔTNOISE=0.025°C. 

The results of the study are presented in Fig.4. In this 
figure, there are four random realizations with the maximum 
error of determining the TC error for the abovementioned 
values of KСONT= 0.1; 1; 10; 100 (x-axis), KDEG=0.1 and 
KNOISE =2 among 50 realizations.  

As can be seen from Fig.4., the errors of the systems for 
setting the profile of temperature field of furnace 2 virtually 
do not affect the method of determining the TC error. This 
statement is in accordance with the theoretical study of the 
influence of the errors of the systems for setting the profile 
of temperature field. The errors of these systems affect the 
error of determining the TC error indirectly. These errors 
determine only the level of the error due to acquired 
thermoelectric inhomogeneity. Thus, they are the 
infinitesimals of higher order with respect to the emf 
developed by the TC.  

 

 
Fig.4.  The error of determining the TC error versus the 
temperature control error of the system of zones in multi-zone 
furnace 2. 

 
B.  Influence of the rate of degradation 

Then the influence of the rate of degradation in the virtual 
sections into which TC 1 is split, on the proposed method of 
determining the TC error was studied. To carry out this 
study, the coefficient KDEG was set equal to the following 
values KDEG=0.1; 1; 10. This corresponds to the change of 
the Seebeck coefficient of type K TC within the interval 
ΔTDEG≤0.00125…0.225°C, or on 12.5 %. The values of the 
coefficients KСONT=0.1 and KNOISE=2 were set as minimum; 
therefore, the errors caused by them do not exceed 
ΔTCONT≤0.00125°C and ΔTNOISE≤0.025°C, respectively. 

The results of the study are given in Fig.5. In this figure, 
there are four realizations with the maximum error of 
determining the TC error ΔΔETC for the values of the 
coefficients KDEG=0.1; 1; 10 (x-axis), KCONT=0.1 and 
KNOISE=2 among 50 realizations. 

 

 
 

Fig.5.  The error of determining the TC error versus the rate of 
degradation of virtual sections of TC1. 
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operation. This statement is in accordance with the 
theoretical study. This is because the proposed method of 
determining the TC error is intended to eliminate the 
influence of the deviation of the individual rate of 
degradation in TC legs from the typical one. 
 
C.  Influence of the random error 

The influence of the random error of the measuring 
channel on the proposed method of determining the TC error 
was also studied. To carry out this study, the values of the 
coefficient determining the level of random error were set as 
follows KNOISE=2; 10; 50. This corresponds to the change of 
the random error within the limits UNOISE=±(1…25) µV, 
which corresponds to ΔTNOISE=±(0.025…0.625)°C. The 
values of the coefficients KCONT=0.1 and KDEG=0.1 were set 
as minimum; therefore, the errors caused by them do not 
exceed ΔTCONT≤0.00125°C and ΔTDEG≤0.00125°C, 
respectively.  

The results of the study are given in Fig.6. In this figure 
there are realizations with the maximum and minimum 
errors of the error of determining the TC error ΔΔETC for the 
values of the coefficients KNOISE=2; 10; 50 (x-axis), 
KCONT=0.1 and KDEG=0.1 among 50 realizations. As can be 
seen from Fig.6., the error of determining the TC error 
during operation rises strongly with the rise of the random 
error of a measuring channel. This rise is virtually 
proportional  to  the rise of the random error. Thus, the main  

source of the error of measurements of the TC CC during 
the procedure of determining the TC error during operation 
is the random error of the measuring channel of emf.  

 

 
 

Fig.6.  The error of determining the TC error versus the random 
error of the measuring channel. 

 
D.  Decreasing the influence of common and normal mode 
noises 

It should be noted that the random error of a measuring  
channel of emf usually consists of two components: (i) the 
noise of the input amplifier of TC emf; (ii) the residual error 
due to the normal and common mode noises. The effect of 
the input amplifier’s noise can be reduced by an integrated 
analog-to-digital converter (in particular, dual slope 
integration or sigma-delta analog to digital converters) and a 
high-quality operational amplifier. 

 

 
 

Fig.7.  The error of determining the TC error for the discrete averaging of two and four measurement results versus interference amplitude. 
 
 

Further reduction of the random error can be performed by 
averaging the results of several replicate measurements. Due 
to the fact that the input amplifier’s noise is close to the 
white noise, the coefficient of reduction of its effect is 
proportional to n0.5, where n is the number of averaged 
replicate measurements [36]. The residual error due to the 
normal and common mode noises is caused by the power 
grid delivering power supply to a measuring channel. 
Therefore, within a series of sequential measurements they 

have virtually deterministic nature. This fact makes it 
possible to improve the efficiency of averaging the results of 
several replicate measurements by increasing the time of 
measurements. A simpler method for improving the 
accuracy is averaging of an even number of replicate 
measurements [37]. In this case, the beginning of each 
measurement has to be synchronized with the corresponding 
phase of the power grid voltage. For instance, it is 
reasonable to average the results of two measurements 
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whose beginnings are shifted in time on an odd number of 
halves of the power grid period. Thus, the residual 
interference during each measurement is shifted by 180°. 
The error of determining the TC error in this case is given in 
Fig.7. (the upper straight line) among 50 realizations. The 
error in this case, in comparison with the errors given in 
Fig.6., is approximately two times lower, whereas the 
amplitude of the interference is about four times greater. 
Even greater accuracy can be achieved by averaging four 
measurement results, whose beginnings are shifted on an 
odd number of quarters of the power grid period. Then, the 
residual interference during each measurement is shifted by 
90°. The error of determining the TC error in this case is 
also given in Fig.7. (the bottom line). As can be seen from 
Fig.7., the error of determining the TC error decreases even 
more than twice. 

 
5.  CONCLUSIONS 

As it is shown in the paper, the random error as well as the 
normal and common mode noise has considerable effect on 
the proposed method of determining the TC error [33]. They 
can significantly increase the error of determining the TC 
error using the proposed method. The noise and interference 
of the order of 5-6 μV is still acceptable. They cause the 
error of about 0.2-0.3°C. Therefore, high noise immunity is 
a necessary condition for high accuracy of TC error 
correction and, consequentially, for accurate temperature 
measurements.  

It should be noted that this paper considers random 
components of the error of determining the TC error in situ 
during operation proposed in [33]. The influence of 
systematic components is considered in [33]. Based on this 
study as well as on the study [33] the uncertainty budget can 
be composed for the method of determining the TC error.  

As shown in this paper, the effect of the rate of 
degradation processes and the error of control of 
temperature field is of the order of few hundredths of a 
Celsius degree. This effect can be neglected. 

It is known that the errors of sensors, in particular TCs, 
dominate in a measuring channel. A system that uses the 
investigated method can considerably (ten times or even 
more) reduce the intercalibration interval. In this case, 
calibrations occur during the operation. Thus, the accuracy 
of the temperature measurement and the metrological 
reliability of the system can be considerably improved. Due 
to the fact that the investigated method does not require the 
use of additional equipment (in particular, standards), it 
significantly increases the metrological autonomy of such 
systems. 
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