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Abstract
One of the most important systems of an aircraft jet engine is 
exhaust gas temperature measurement system that ensure right 
function of the engine. Temperature of the gas flowing from the 
engine turbine is quite high. There is one way, how to measure 
high temperature and it is by thermocouple. So the main aim 
of the paper is to describe creation and correct function analy-
sis of a thermocouple simulator. Thermocouple generates very 
low voltage depending on a temperature that ranges from units 
micro-volts to several tens of millivolts. Generating of such low 
voltage using simulator is not easy, because this voltage may 
move at levels of noise. Voltage generation is performed by 
digital-analogue converter, which is controlled by a microcon-
troller via SPI bus. The generated voltage is further reduced to 
a level corresponding to the voltage output of the thermocou-
ple. Several calibration waveforms are performed belonging to 
appropriate thermocouple type for multifunctional use. Only 
positive temperatures are generated, because exhaust gas tem-
perature measurement system is aimed at high temperatures. 
The power supply circuit offers two options. It is supply from 
accumulator for its portability or from the laboratory power 
supply. Surface mounted devices are selected in terms of mod-
ule miniaturization. The newest device base is chosen for mod-
ern design of the module. The temperature waveform is gener-
ated by the way of polynomial approximation with correction. 
Dependence of real generated voltage on the voltage, which is 
defined by appropriate thermocouple type standard and errors 
evaluation, is used as a proof of proper function.

Keywords
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ture, jet engine, calibration system, relative error, analysis

1 Introduction
One of the most important jet engines characteristics is 

thrust. There are two factors how to achieve high jet engine 
thrust. One of them is high compressed air behind last stage 
of a compressor and the second is high gas temperature 
before a turbine. The high combustion temperature also 
has an effect on amount of incinerated oxygen from an 
air stream. The gas temperature before turbine in today’s 
jet engines does not exceed 1500 °C. All air oxygen is not 
burned at such temperatures, thus additional burning can 
work. The main aim of designers is to reach temperature value 
before turbine approximately 2250  °C, when all air oxygen 
is burned and additional burning is not required. But such 
value of temperature is future aim, because now materials 
that are resistant of such temperature in the long term are 
not known. Right function of jet engine required exhaust gas 
temperature measurement. One way of contact temperature 
measuring is by thermocouple. Thermocouple measurement 
system requires periodical calibration. Very important part 
of the thermocouple calibration system is signal generator 
(thermocouple simulator). The following parts of the paper are 
devoted to design and correct function verification of signal 
generator of thermocouple calibration system.

2 Structure Performance of Signal Generator
The signal generator serves as reference device – thermo-

couple simulator. Thermocouple produces very low voltage, 
which is dependent on temperature. Main aim was to cre-
ate generator simulating behaviour of real thermocouple. It 
is multifunctional generator that simulates several types of 
thermocouples (thermocouple standards). The generator is 
specialized for calibration of exhaust gas temperature mea-
surement system. So that it generates signal only for positive 
temperature, negative temperature is not significant for this 
application. Block diagram of the generator is in the Fig. 1.
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Fig. 1 Block diagram of the generator

Heart of the module is microcontroller ATMEGA 32, that 
controls all operation. It receives information from the block 
of control buttons, sends data to the D/A converter and depicts 
important information on LCD. Complete operation algorithm 
is written into the microcontroller through JTAG interface. 
Power supply feeds all devices of the module. Important device 
in the power supply part is DC/DC converter RECOM R-785.0-
1.0, that transforms voltage at quite wide range 6.5 – 18 V to 
the voltage at a value of 5 V. The range offers two way of sup-
ply. One of them is battery or accumulator for mobility ensur-
ing. Second one is laboratory supply. Block of control buttons 
serves for selection of thermocouple type and for temperature 
setting, which is depicted on the LCD. There are six buttons for 
temperature setting. Two buttons are for hundreds of Celsius 
degree setting up and down, two are for tens setting and two are 
for units setting. One button is for thermocouple type selection. 
Block voltage reference REF 5050 ensures accurate reference 
level of 5 V for D/A converter. D/A converter is controlled by 
ATMEGA 32 via SPI bus and generates signal at the range of 
0 – 5 V, that corresponds to a temperature waveform of given 
thermocouple. 16 bit DAC 8830 is used at this application. 
Analogue section reduces the voltage generated by D/A con-
verter to the real voltage corresponding to the particular ther-
mocouple type standard. Single supply operational amplifier 
AD8605ART is used in this part. Voltage on OUTPUT signal 
corresponds to the certain thermocouple type standard. Real 
scheme is used from simulation application Proteus in which 
circuit function was tested and is in the Fig. 2.

Up-to-date devices were selected for the application. Most 
of them are made by SMD technology for the module miniatur-
ization. The module is produced in form of PCB.

3 Algorithm of the Signal Generator Control
Very important part of the module is the block of control 

buttons. These buttons are for selection of thermocouple type 
and for temperature setting, which is depicted on the LCD. 
Microcontroller generates data for digital-analogue converter 
according set temperature. There are two possibilities how to 
generate data for the digital-analogue converter. One of them is to 

save dependence of a voltage on temperature according to indi-
vidual thermocouple standard to the microcontroller memory and 
then usually select voltage corresponding to the temperature and 
send it to the digital-analogue converter. This method is quite fast 
for microcontroller but require very much memory space. This 
is multifunctional generator that enables to simulate seven types 
of thermocouples (K, E, J, N, R, S and B). So this method would 
require saving dependence of all these thermocouple types to the 
microcontroller memory. Second method is to apply polynomial 
approximation from all dependences of voltage on temperature 
and corresponding voltage calculate in the microcontroller and 
send it to the digital-analogue converter. This method is slower 
for microcontroller but does not require much space in the micro-
controller memory. This method is used in the paper.

4 Function Verification and Errors Analysis
The control algorithm such as right information acquisition 

from buttons, right depiction of a temperature and thermocou-
ple type on LCD, right voltage calculation, right digital-ana-
logue converter control and right voltage conversion was veri-
fied by simulation environment called Proteus. The simulation 
scheme is in the Fig. 2. Real voltage value verification was per-
formed in laboratory conditions. Experimental workplace was 
assembled according the block scheme in the Fig. 3.

Fig. 2 Real scheme of the thermocouple simulator

Fig. 3 Block scheme of the experimental workplace

The experimental workplace consisted of produced module 
of thermocouple simulator, which was fed by laboratory power 
supply. High accurate multimeter Agilent 34410A was used 
for measurement of generated low voltage. This multimeter is 
able to measure voltage at a value of units of microvolts with 
relative error ± (0.0030 % of reading + 0.0030 of range). Real 
experimental workplace is in Fig. 4.
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Fig. 4 Experimental workplace

Voltage generation in a dependence on a temperature is 
solved by polynomial approximation method. Several polyno-
mials were analysed (linear, second up to sixth degree). Higher 
polynomial degrees were not significant. Sixth degree polyno-
mial fit the best to individual thermocouple standards. There 
are applied polynomials:
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U is voltage and t is temperature.
Relative error was chosen as an identification parameter 

of right function (right voltage generation) of the module. 
Analysis of individual polynomial itself aimed at relative errors 
was performed first. Dependence of relative errors on a tem-
perature is in Fig. 5.

Fig. 5 Dependence of relative errors on a temperature of individual 
thermocouple types polynomial

Relative error is quite high in a temperature range from 0 °C 
to approximately 300 °C. Maximal error shows thermocouple 
type B and it is 20.174 %. Minimal error at this temperature 
range performs thermocouple type E and it is 1.083 %. Relative 
error at a range from 300 °C to 750 °C is lower than 0.300 %. 
Just this area is very important for right function of jet engine. 
At a temperature range from 750 °C to maximum for individual 
thermocouple type relative error is lower than 0.125 %.

Produced module with this polynomials applied was verified 
after this analysis. Dependence of relative errors on a tempera-
ture of individual thermocouple types of real module is in Fig. 6.

Graphs for individual thermocouples are different. Maximal 
relative error at a range from 0 °C to 300 °C shows thermocou-
ple type R and it is 20.000 %. Minimal error at this temperature 
range reaches thermocouple type E too and it is 1.695 %. At 
a temperature range from 300 °C to 750 °C all thermocouple 
types achieve very good results. Relative error is lower than 
0.350 %. At a temperature range from 750 °C to maximal tem-
perature relative error does not exceed 0.150 %.

Quite interesting was comparison of a relative error of poly-
nomials and real module. Results of the analysis are represented 
on the most significant thermocouple type J and are in Fig. 7.

Polynomial is better than real module at a temperature range 
from 0 °C to 150 °C. Maximal relative error reaches 5.487 % 
whereas module has maximal relative error 8.000 %. On the 
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other side module shows better characteristic in an interest 
area from 150 °C to 750 °C. But at a range from 750 °C to 
1200 °C polynomial and module shows nearly the same char-
acteristics. The module shows better characteristics from a 
global viewpoint.

Fig. 6 Dependence of relative errors on a temperature of individual 
thermocouple types of real module

Fig. 7 Comparison results of a relative error of polynomial and real module

5 Conclusion
The paper presents design of the multifunctional thermocou-

ple simulator. Structure of it is described. Module is made from 
up-to-date electronic devices and by SMD technology for the 
module miniaturization. Algorithm of control and low voltage 
generation is introduced. Low voltage corresponding to the 
thermocouple standards is generated by polynomial approxi-
mation method. The most important part of the paper is module 
verification. Relative error was selected as a significant parame-
ter for verification. Temperature dependence of relative error of 
polynomial approximation itself and real module is performed. 

Relative error of the module is quite high up to the temperature 
of 300 °C. It is shown in the analysis. At the interest range of 
temperature (from 300 °C to 750 °C) produced module reached 
very good results. Relative error does not exceed 0.350 % and 
from the temperature 750 °C to the maximum results are even 
better. Relative error is lower than 0.150 %. Comparing poly-
nomial approximation itself and real module results the module 
is better for all thermocouple types. The module seems to be 
suitable part of calibration system for jet engine exhaust gas 
temperature measurement system. So other work rises and that 
is to apply correction of a cold junction and to integrate it to 
the whole system.
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