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Abstract

The article presents a study of the origin of extra harmonics in the frequency spectrum of thermocouple output signal
when being heated by sinusoidal waveform current. It is natural to have the first harmonic, which arises according to
Ohm’s law, as a product of current and the total resistance of thermocouple and junction conductors, as well as the Peltier,
Thomson effects, and the presence of the second harmonic, which is caused by a heating of junction and thermocouple
conductors. The fact that third and higher harmonics arise when the resistance of conductors and junction is thermally
dependent was identified.

The analytical dependence of the resulting voltage across the thermocouple terminals as a function of the total resistance
of conductors and junction, and the voltages due to the effects of Joule, Seebeck, Peltier and Thomson, is established. Based
on the analysis of the obtained function and experimentally obtained voltage spectra across the terminal of the thermocouple,
an assumption was made about the nature of the voltage spectrum that heats thermally dependent wires of the thermocouple.
Recommendations are given to reduce the influence of the first, third and higher harmonics, which are uninformative, and
to separate the voltage of the second informative harmonic, which is used to get frequency response of the thermocouple.
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1. Introduction

One of the most common devices for technical
temperature measurement is the thermocouple. The
thermocouple covers wide range of temperature mea-
surements in static mode and has significant variation
of its thermal inertia parameters. Most often thermo-
couple technical documentation includes only nomi-
nal static characteristic, and does not include dynamic
characteristics of the thermocouple. Therefore, it is ne-
cessary to determine and indicate the dynamic charac-
teristics of the thermocouples to perform dynamic
temperature measurements.

Among dynamic characteristics such as transient
response, pulse response and frequency response, the
frequency response is more advanced due to usage of
stationary process of sinusoidal waveform temperature
changing. Sinusoidal waveform change of temperature
is easier and more accurate to implement in contrast
to temperature impulse.

The use of current for internal heating of a ther-
mocouple with the intention to determine its dynamic
characteristics is not commonly reported in the lite-
rature. In study [1] thermocouple is heated by cur-
rent, and after the current is turned off the transient
cooling process is registered. This technique involves
recalculation of the resulting transient process taking
into account the absence of a source of heat supply
and changes in heat transfer conditions.
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In study [2] the thermocouple was heated by cur-
rent in order to obtain its static and dynamic charac-
teristics. Since the EMF of the thermocouple was also
registered only after the current was turned off and
the direction of its passage was changed the frequency
spectrum of the output signal contained only EMF.

The authors proposed a method [3] for deter-
mining the dynamic characteristics of thermocouples
and created a device [4] to implement the proposed
method. The method is based on obtaining a step re-
sponse of a thermocouple by internal heating by means
of a radiopulse of sinusoidal waveform current with
a period less than the smallest time constant of the
thermocouple to create a step change in temperature.

These methods have disadvantages in determining
the time constants and their number, as the first two
methods take into account only one time constant, as
well as the presence of random errors in EMF mea-
surement, which are associated with the presence of
non-stationary processes in EMF measurement, which
leads to errors in determination of time constants.

In study [5] the authors proposed a new method
for determining the frequency response of a thermo-
couple to define its time constants. The essence of the
method is as follows. A sinusoidal waveform current
is passed through the thermocouple. The amplitude
response of the thermocouple will be obtained as the
ratio of the amplitudes of the electromotive force of
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Fig. 1. Heating signal (y_in) and thermocouple EMF (y_out) spectra

the thermocouple and the second harmonic of the
input signal obtained by raising the amplitude of the
heating signal to the square. The phase response of
the thermocouple was also defined as the difference
between the EMF phase of the thermocouple and
the phase of the variable component of the squared
input signal. Based on the obtained frequency re-
sponse the parameters of the dynamic characteristic
were determined in the form of several time con-
stants of the first-order aperiodic units connected in
series.

It is necessary to further investigate the spectral
composition of the voltage at the thermocouple termi-
nals, because the total voltage consists of component
voltages that can be caused by other physical processes.

2. Spectral composition of the voltage that heats the
thermocouple

When determining the dynamic characteristics of
the thermocouple in the form of frequency response
[5] it was found that in addition to the expected first
and second harmonics frequency spectrum of the vol-
tage at the terminals of the thermocouple, there was
also a significant third harmonic (Fig. 1). The ratio of
harmonics was as follows u, uy tu, =1.5:0.008:0.01.

The first harmonic is obvious and arises accor-
ding to Ohm’s law as the product of the current and
the total resistance of the wires of the thermocouple
and the resistance of the junction, as well as the Pel-
tier and Thomson effects. The presence of the second
harmonic is due to the heating of the junction and
wires. The junction temperature according to the Joule
effect is proportional to the power released at the junc-
tion, which is proportional to the square of the current
flowing through the thermocouple. If the current has
a sinusoidal waveform then its squared value is pro-
portional to the sum of the constant component and
the cosine component at the frequency of the second
harmonic (1).

I sin (or) = 0.51;, (1-cos(2wt)). (1)

The third and other harmonics arise when the
resistance of the conductors and junction is thermally
dependent.

To explain the causes of the third and other har-
monics, we present an equivalent thermocouple circuit

in the form of series-connected thermocouple resis-
tances, junction resistance and Seebeck EMF source

(Fig. 2),
E;
RC ’_{ i R02 AR2 K

Fig. 2. Equivalent thermocouple scheme

I Ry AR,

where R, R, are initial resistances of thermocouple
conductors; AR, AR, are increases in the resistance
of the conductors from their heating; R_ is a junction
resistance; £, is a Seebeck’s electromotive force; /1, K
are beginning and end shown in Fig. 2.

Thermal dependent resistance is usually expressed

as (2).
R(e):R0(1+a6+B62+ye3+...), )

where 0 is a temperature, a, {3, Y are the polynomial
coefficients; R is an initial resistance at 0°C.

A simplified model of the resistance of conductors
is used and takes into account only the linear part (3).

R(6)=R,(1+ab). (3)

If we accept such a simplified model then voltage
at the terminals will be as in (4).

Uy =1, sin(ml)[Rm [1 +ha, (1, sin(mt))z} +
4
+R,, [1 +hya, (1, sin(c)t))z} + Rc]i ky (1, sin(mt))2

where ko, ko, are the temperature coefficients of
resistance of the first and second wires; &, is a Seebeck
coefficient of thermocouple.

After transforming out the equation (4) we get
equation (5) of the spectral composition of the voltage
at the thermocouple terminals in (Fig. 2).

Uy =1, sin(o1)] Ry + Ry, + Re +0.75I (R, kot + Ryt ) |+
tk, I sin(201) - 0.251] (R, ka, + Ry,k,a, )sin (307). ©)

Equation (5) shows that the voltage at the
thermocouple terminals is represented by the three
harmonic components at frequencies , 2w, 3.
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Fig. 3. The spectrum of the output signal with the suppressed first harmonic

The largest component of the voltage occurs at the
frequency of the first harmonic. The second harmonic
formed by the Seebeck effect with the coefficient &,
is much smaller.

Moreover, the Seebeck coefficient k, depends on
the materials of thermocouples and has the lowest value
for high-temperature thermocouples, such as Tungsten-
Rhenium, and the highest value for semiconductor
thermocouples.

The third harmonic represents the component
caused by the temperature dependence of the resistance
of the thermocouple and junction wires.

The application of the spectral analysis procedure
allows to separate the voltage of the second harmonic
used to construct frequency response which will
be obtained as the ratio of the amplitudes of the
electromotive force of the thermocouple and the
second harmonic of the input signal obtained by raising
the amplitude to the square.

To minimize the influence of the third and
other harmonics, the resolution of the spectrum
analyzer is increased by increasing the analysis time
and synchronization of the beginning and end of the
analysis with the moments of transition through zero
of the signal as it increases with a given number of
periods chosen at least 20—100.

As noted and experimentally confirmed [5] the
amplitude of the first harmonic is 100—200 times
greater than the amplitude of the second harmonic.
Therefore, specifically to improve the dynamic range
of the analysis, a scheme was created to suppress the
first harmonic (Fig. 3).

Such a setting of the experimental system allows
to use the maximum number of bits (about 20) of
twenty-four bit ADC to measure the instantaneous
voltage values.

To create the maximum sine signal in the digital-
to-analog converter, the maximum possible number of its
bits were used (in NI PXI-4461 there are 24 of them).

With a stepwise approximation of a sinusoid, the
higher harmonics have numbers N=pn+1 where p is
a natural number and » is the number of sampling
points per period. If p=1 and n=1000 then the nearest
harmonics will have numbers 999 and 1001.

Nonlinear distortions occur not only due to the
stepwise approximation of the sine wave but also due
to further amplification. As a result the second, the
third harmonics etc. may appear.

Therefore for experimental research an amplifier
is created with deep feedback kB >>1000 two-stroke
output stages operating in mode “A” with pre-setting
to decrease the constant component of the output
signal, in the absence of input signal, to a level less
than |5 mV|, with the ability to provide the amplitude
of the output voltage of =10 V.

The measured nonlinear distortions of the output
voltage =10 V at a current load of £0.2 A and operation
at non-thermal resistance did not exceed -100 dB.

3. Conclusion

When determining the frequency response of
a thermocouple by internal heating with a sinusoidal
current, harmonics with numbers above the second
may be present in the voltage spectrum at the terminals
of the thermocouple, which are due to the thermal
dependence of conductors and junction. Increasing the
resolution of the spectrum analyzer by increasing the
analysis time and synchronization of the beginning and
the end of the analysis with the moments of transition
through zero of the studied signal as it increases, at
a given number of periods, will minimize the influence
of the third and other harmonics.
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AHoTamis

BusHaueHHST TMHAMIYHUX XapaKTepUCTUK TepMomap HEeOoOXimHO U BUMipIOBaHHSI TeMITepaTypy IIBUIKO3MiHHMX BUCO-
KOTeMIIepaTypHHUX TeIUIoBUX MpoiieciB. Cepen MMHAMIUHMX XapaKTepUCTUK TIEPEXilTHOI, iMITYJIbCHOI Ta aMILTITyI0-(a309acTOTHOI
XapaKTepUCTHK, aMIDTITYIO-4aCTOTHA XapaKTePUCTHKA Ma€ TiepeBaru, OCKUTBKU TS 1l OTpUMaHHSI BUKOPUCTOBYIOTh CTalliOHAPHUI
MpoleC 3MiHA TEMIIEPATYPU IIJISIXOM PO3IrpiBy TepMoOnapu CTPyYMOM CHUHYCHOI (hopMu. 3MiHY TeMIIepaTypy 3a TAapMOHIYHUM 3a-
KOHOM TIPOCTillle Ta TOYHIlle peasli3yBaTu Yy IMOPiBHSIHHI 31 CTPUOKOM Ta iMITYJIbCOM TeMIepaTypu.

V crarti po3mISIHYTO Ta JOCHIIKEHO BUHUKHEHHSI JOJATKOBUX TApPMOHIK Y CHEKTPi BUXiTHOTO CUTHAy TepMOIapu Ipu
po3irpiBi i ctpymMoM cuHycHOi popmu. [IprpomHOIO € HasIBHICTB TEPIIOl FAPMOHIKM, SKa BUHMKAE 3TiIHO i3 3aKkoHOM Oma sIK
JIOOYTOK CTPyMy Ta CyMapHOTI'O OMopy IMPOBiAHUKIB TepMonapu i oropy craio, a Takox epekramu Ilenbr’e Ta ToMcoHa, Ta apyroi
TrapMOHIKM, sIKa 3yMOBJIEHa pO3irpiBoM Craro Ta MpOBiIHMKIB. BcTaHOBIEHO, IO TPeTsl Ta iHIII rAapMOHIKM MOXYTb BUHMKATH,
KOJIA OMOPY TPOBITHUKIB Ta CIAI0 € TePMO3AIEKHUMHU.

OTprMaHO aHATITUYHY 3aJIeXKHICTh pe3yJIbTYI0UOI HAIpyTd Ha 3aTHMCKadax TepMorapy K (DYHKIIIO OINOpiB IMPOBITHMKIB Ta
CIalo, a TakoX Harpyr, siki 3ymMoBJieHi ecekramu JIxxoyss ta 3eedbeka. Ha ocHOBI aHalizy OTpMMAaHOI 3a7€3KHOCTI Ta OTPYMAaHUX
EKCIIEPUMEHTAIbHUM IIUISIXOM CIIEKTPiB HAMPYTH Ha 3aTMCKa4yax TepMOIapy 3poOJeHO MPUITYIIEHHS 00 MPUPOIN CIIEKTPATb-
HOTO CKJIaJly Harpyru, sika posirpiBae TepMornapy i3 TepMo3ajiexxHux ApoTiB. HaBeneHo pekoMeHmallii 11oa0 3MeHIIEHHS BIUIUBY
TMEPIIOoi, TPETHOI Ta BUIIMX TAPMOHIK, SIKi € HeiH(pOPMAaTUBHMMU, Ta BUOKPEMJIEHHSI HAMPYTH ApYyroi iHHOpMaTMBHOI TApMOHIKH,
sIKa BUKOPUCTOBYEThCS 11 MOOYIOBU aMIUIITY10-()a304acTOTHOI XapaKTepUCTUKU TepMOMapHu.

KimouoBi ciioBa: amriiityno-ga3zouacToTHa Xapakrepuctika; tepmornapa; EPC; criekrpaibHMii CKIlam;, TepMO3aIesKHUI OITip;
Hatpyra.
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AHHOTAIMSA

B cratbe paccMOTpeHBbl M MCClIeT0BaHbl BOSHUKHOBEHMUS JOTOJHUTEIbHBIX TAPMOHUK B CIIEKTPE BBIXOTHOTO CUTHAJIa
TepMoIiapbl MPU pa3orpeBe e rapMOHUYHBIM TOKOM. ECTeCTBEHHBIM SIBJISIETCS HAJIMYUE TEePBOM TFapMOHUKM, KOTOpast
BO3HMKAeT Mo 3akoHy OMma Kak IMpOou3BeNeHUE TOKa Ha CyMMapHOE COMPOTUBJEHME MPOBOJIHUKOB TEPMOIAphl U Cras, a
Takke apdexramu Ilenbrhe, TOMCOHA, U HaJIMUME BTOPOW TapMOHUKM, OOYCJIOBJIEHHOI pa3orpeBOM CIiasi U MPOBOJHUKOB
TepMOINaphl. YCTaHOBJIEHO, YTO TPEThsl U BBICIIME TAPMOHMKU MOTYT BO3HMKATh, KOIJA COMPOTHBIIEHUS MPOBOJAHMKOB U
cnast SIBJISIIOTCSI TEPMO3aBUCUMbBIMU.

TTonyyeHa aHanuTUYeCKasl 3aBUCUMOCTD PE3YJIbTUPYIOIIETO HAIpsKEHUMST Ha 3a)kKMMax TepMoIiapbl Kak (DyHKLIMUA CyM-
MapHOTO COMPOTHUBIICHUSI MTPOBOTHUKOB M CITasl, a TakKe HaNpsKeHUi, oOycloBaeHHBIX 3(dexkramu xkxoyns, 3eebeka,
[Tenbrhe M ToMcoHna. Ha ocHOBe aHanu3a MOJYYEHHON 3aBUCUMOCTU U TTOJYYEHHBIX 9KCIEPUMEHTAIbHBIM IyTeM CIIEKTPOB
HaIpspKeHMsT Ha 3aKMMax TepMoTaphl ClieJJaHO MPEAnoyioKeHWe O MPUPOJE CIEKTPATbHOTO COCTaBa HAIPSXKEHUsI, KOTOpOe
pa3orpeBaeT TepMoriapy M3 TepMO3aBUCUMbIX MPOBOIOB. JlaHbl peKOMeHIALMU 110 YMEHBIIEHUIO BIUSIHUS TIEPBOM, TpeThelt
M BBICIIUX TAapMOHMK, KOTOpPbIE SIBISIOTCS HEMH(MOPMATUBHBIMM, W BBIAEICHUIO HANpPSIKEHMST BTOpOW MH(MOPMATHBHOM
rapMOHUKHU, KOTOpasi UCIOJIb3YETCS ISl TTIOCTPOSHUST aMILIUTYN0-(ha304acTOTHON XapaKTePUCTUKN TEPMOIIaphl.

KioueBbie ciioBa: aMIinTyn0-(ha3o4acToTHas xapakrepuctuka; tepmonapa; EJIC; cnekTpallbHBI cOCTaB; TepMO3aBU-
CUMOE COIIPOTHUBIIEHUE; HaIpSKEHUE.
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