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AN APPROACH TO COLD JUNCTION COMPENSATION AND
IDENTIFICATION OF UNKNOWN THERMOCOUPLE TYPE
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The aim of this paper is to present a simple approach to the thermocouple cold junction compensation when the thermocouple
type is unknown. The theoretical background of this approach has been explained in the paper. By applying this approach, the
voltage-temperature characteristic of the thermocouple has been recorded. A PC-based measurement setup, along with
LabVIEW software, has been used for this purpose. The obtained characteristic has been compared with standardised
characteristics and the unknown type of the thermocouple has been determined. The results obtained have been presented and
analysed in the paper. The results presented could be useful in didactic purposes, as well as for further research in the field.

1. INTRODUCTION

Temperature is the one of the most significant physical
quantities that is measured. Over 45 % of all measurement
points in industry concern temperature measurement.
Despite an increasing variety of temperature sensors, the
thermocouple (TC) remains the most commonly used
sensor for temperature measurement because of its low
cost, wide measurement range, simplicity and easy
application [1-5], as well as because of its wide application
in electrical engineering, such as testing and techno-
economic analysis [6—11].

Nowadays, temperature measurement using TCs can be
done wusing universal measuring instruments for the
measurement of electric current and voltage. This
temperature measurement is very simple to use. Despite
this, the measurement instrument is complex when one
takes into account the operation principle of the TC. For
proper measurement, it is necessary to choose a suitable
type of TC. This mainly depends on the measurement range
and other characteristics of TCs, such as the W(¢)
characteristic and measurement tolerance. For commonly
used TCs such as those of type B, E, J, K, N, R, S and T,
these characteristics are defined by standards [12]. The
standardised V() characteristics of these types have been
defined exactly by polynomial functions of higher degree
rather than by tabulated values [12—14].

This characteristic can change during use [2], which may
result in erroneous temperature measurement. Because of
this, it is necessary from time to time to check the reading
of the thermometer with TC. During this control, it may
sometimes occur that the V() characteristic of the TC has
changed so much that it does not correspond to the
standardised one, so the TC type becomes unknown.
However, only a few papers have so far been devoted to
this issue [15, 16]. In such a case, the cold junction
temperature compensation is the main problem which must
be solved.

An approach to cold junction compensation (CJC) is
presented in this paper. The validity of this approach is
tested during the identification of the unknown TC type. Its
type is found by comparing its measured and standardised
V(#) characteristics. A brief theoretical background of the
proposed approach, the measurement setup and results, as
well as their analysis, are presented in this paper.
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2. THERMOELECTRIC VOLTAGE AND COLD
JUNCTION COMPENSATION

Any pair of thermoelectrically dissimilar and electrically
conducting materials coupled at an interface is a TC [1].
The Seebeck effect [17] produces a voltage in all such
thermoelements if they are not at uniform temperature ¢.
For the TC presented in Fig. 1, the thermoelectric emf
V' = gt, (which refers to 0 °C) can be calculated as:

()

where V(¢) = e(t2—t1) is the measured voltage, V,.;= &f; is the
thermoelectric emf of the terminal (cold junction)
temperature #; and ¢ is the Seebeck coefficient. The voltage
J(f) can be easily measured and the emf V., can be
calculated for a known terminal temperature. If 1, = 0 °C,
then V(¢) = V=¢ (t—0) = eto. If t; # 0 °C, then V(¢) = e(t>—t1)
= etr— Ve Thus, emf Vs must be added to a measured
voltage V(¢), i.e. compensation must be made, to obtain V.
There are two techniques for implementing CJC -
hardware compensation and software compensation [14].
Both techniques require the temperature ¢ at the reference
junction to be sensed with a direct-reading sensor. A direct-
reading sensor has an output that depends only on the
temperature at the measurement point. Semiconductor
sensor, thermistor or resistance temperature detector (RTD)
(Pt100 and Pt1000) is commonly used to measure the
reference-junction temperature. This sensor is located near
the screw terminals to which the TC wires are connected.
With hardware compensation, a variable dc voltage
source generates a compensation voltage according to the
ambient temperature, and thus adds this voltage to the
measured one [14]. The major disadvantage of hardware
compensation is that each TC type must have a separate
compensation circuit that can add the correct compensation
voltage, which makes the circuit fairly expensive. Hardware
compensation is less accurate than software compensation.

V=V()+V,

ref
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Fig. 1 — Thermoelectric circuit.
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Alternatively, software CJC can be used [14]. After a
direct-reading sensor measures the reference-junction
temperature ¢, the software calculates and adds the
appropriate voltage to the measured voltage to compensate
the thermoelectric emf of the terminal temperature. The
temperature £ can be determined according to the total
voltage. Also, the software can calculate the temperature
which refers to the measured voltage (without previous
compensation). After adding this temperature to the
temperature #1, the temperature ¢, can be determined.

3. AN APPROACH TO COLD JUNCTION
COMPENSATION

The TC V(#) characteristic is approximately linear over
small deviations in temperature, as presented in Fig. 2a.
This figure shows two voltages, Vi and Vey,(?), as a function
of the temperature near the 0 °C point. The first one can be
obtained from standardised tables or polynomials and the
second by measurement (experiment).

The relations between the voltages shown in Fig. 2 can
be written as:

I/stl = Vexp (tl)+ I/ref > (2)

VSIZ = I/axp (t2)+ I/ref > (3)

where # and ¢, are measured temperatures (it is assumed that
Vi does not change between measurements). Voltages
Vew(t1) and Vey,(22) are measured and voltages Vi and Vi, are
calculated by adding the compensation voltage V.. As
presented in Fig. 2, if the measured temperature is #, = 0 °C,
then Vyo = 0 mV and Vey(to) = — Vier Achievement of zero
degrees Celsius temperature is not simple, so this
measurement usually cannot be performed outside the
laboratory. Usually, the temperature is measured at the cold
junction with another thermometer. According to this
temperature, using the known V(f) characteristic of a certain
type of TC, Vs can be calculated. This is the usual CJC. But,
such compensation cannot be done if the TC type is unknown.

The approach to CJC is based on the fact that the TC ¥(¥)
characteristic is approximately linear near the 0 °C point.
Two TCs are needed, one that needs to be identified and one
with a known standardised type for temperature measurement
(other temperature sensors can also be used instead of this
TC). A dc voltmeter with an mV range and a thermometer
(or data acquisition system) are also needed. The TC to be
identified should be connected to this voltmeter and another
TC should be connected to the thermometer. Also, a dry
block temperature calibrator is needed. At the beginning of
measurement, a lower temperature #; should be set at the
temperature regulator of the calibrator.

V. [mVi Ve (1) [mV R

s12

st

RS

Fig. 2 — Linearized characteristics: a) V; b) Vey,(?).

Both TCs are inserted in the dry block, so the temperature
t1 and voltage Ve, (f1) can be measured. Then, temperature 2,
which is only a few degrees Celsius higher than temperature
ti, should be set at the temperature regulator. After this
temperature is reached, the temperature # and voltage Ve.,(%2)
should be measured. Now, a linear part of the W(¢)
characteristic can be constructed, as presented in Fig. 2b. The
intersection of this characteristic with the vertical axis gives a
negative voltage which, as previously explained, is the
negative value of the compensating voltage V.. This voltage
can be easily calculated by using linear extrapolation. After
Vier has been calculated, it can be added to the measured
voltage Ve, (?) to calculate voltage V.

4. THERMOCOUPLE TYPE IDENTIFICATION

By using the dry block temperature calibrator, proper
temperatures (from low to high) can be set and the desired
pairs of temperature and voltage can be measured and used
to construct the V() characteristic.

This characteristic can be compared with those for
standardised TC types (B, E, J, K, N, R, S and T [12]). If
the measured characteristic is close to one of the
standardised types, then the TC type can be determined.
The unknown type corresponds to a standardised type. By
this comparison method, the TC identification can be
performed. After the identification is done, the standardised
J(f) characteristic can be used for new temperature
measurement. It may occur that the measured characteristic
does not match any of the standardised ones. In this case, it
can be concluded that a non-standardised TC has been used
or the TC has changed its characteristics over time. The
obtained characteristic can be directly used for new
temperature measurement.

5. MEASUREMENT SETUP

The measurement setup was based on a personal
computer with LabVIEW software and NI cDAQ-9178
chassis with an NI 9211 data acquisition card, as presented
in Fig. 3.

A dry block temperature calibrator with temperature
regulator was used to obtain the desired temperatures.
Actually, two temperature calibrators were used — one for
temperatures up to 140 °C and the other for higher
temperatures, up to 400 °C. A calibrated TC T) (type K)
was used for measurement of the temperature in the
temperature calibrator, and TCs 75 and 73 were identified.

NI 9211 is 24 bits, with four analog input channels, and a
data acquisition card made for J, K, T, E, N, B, R and S
TCs measurement with embedded CJC. Beside temperature
measurement, this card can perform voltage measurement
in the range from — 80mV to 80mV.

Tl TZ TJ
o
v USB
-E NI 9211 PC
l\v—v
Thermoregulator NI cDAQ 9172 LabVIEW
Off/On

Fig. 3 — Block diagram of measurement setup.
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This setup was used for measurements of the voltages
and temperatures of interest. LabVIEW application was
used to perform all the necessary measurements and
calculations and it is described in the following section.

6. LABVIEW APPLICATION AND MEASUREMENT
PROCEDURE

The application made in LabVIEW software consists of
several parts because each part performs a different
measurement procedure. The first part of the application
performs CJC based on the proposed approach. The
application reads data from data acquisition card inputs, one
from TC T in °C and two from TCs T3 and 73 in mV. After
two sets of temperature and voltages were measured, the
application calculated two reference voltages V,.n and Viep,
as shown in Fig. 4 (see also Table 1 in Section 7.1).

In the second part, the application was used for obtaining
the V(#) characteristics of TCs 75 and T3. These characteristics
are presented in tabular and graph form in Fig. 5.

In the third part of the application some arbitrary
temperatures were measured by using all three TCs. TC T
measures the temperature directly, while the temperatures
from 7> and T; were calculated from measured voltages by
using previously determined V(f) characteristics by
performing the linear interpolation. Also, the absolute and
relative deviations between temperatures obtained with TCs
T, and T3 and the temperature obtained with 7} were
calculated in this part of the application. Some of the results
obtained are presented in tabular form in Fig. 6 (see also
Table 2 in Section 7.2).
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Fig. 4 — LabVIEW application — CJC voltage calculation.
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Fig. 5 — LabVIEW application — recording of the ¥(¢) characteristics.
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Fig. 6 — LabVIEW application — measurement of arbitrary
temperatures and associated deviations.

The final part of the application performs the
identification of TCs 7> and T3 type by comparison of the
obtained V() characteristics with the characteristics of the
eight standardised TC types (J, K, T, E, N, B, R and S) as in
Fig. 7. Comparison was done in three ways: visually, by
calculating the mean square error (MSE) and by limit
testing. A visual comparison can be made by observing the
graph with measured and standardised V(f) characteristics.
Calculation of the MSE was done by the following
procedure: 1. The application calculates 20 temperatures in
the measurement range; 2. it calculates by linear interpolation
the corresponding voltages from the V(¢) characteristics of
two tested and eight standardised TCs; 3. it calculates the
MSE eight times using voltages obtained from the measured
characteristic and voltages obtained from each standardised
characteristic. The lowest MSE corresponds to the minimal
distance between two series of voltage values and indicates
the TC type (see also Table 3 in Section 7.3). Limit testing
is illustrated in Fig. 8. The previously calculated 20 values
of voltage for each standardised ¥(¢) characteristic are used
for creating the upper and lower limits (dashed lines) by
adding and subtracting some small voltage (up to several
percent) to each of these voltages. Also calculated
previously, 20 values of voltage of the tested TC are
compared with the created limits. This is repeated eight
times for each standardised characteristic. If any value is
not within the set limits (Fig. 8a), the result of the test is
negative (FAILED). If all values are within the set limits
(Fig. 8b), the result is positive (PASSED), the TC type is
identified, and the corresponding message is written in the
front panel of the LabVIEW application (Fig. 7).
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Fig. 7—LabVIEW application — TC type identification.



Cold junction compensation and thermocouple identification

a) b)
Fig. 8 — LabVIEW application — illustration of limit testing:
a) negative result, b) positive result.

A case can occur when all the limit tests are negative and
the TC type is not identified. In such a case, the test can be
repeated with increased limits, but the level of this increase
is determined with the tolerance classes according to the
standard IEC 60584 [12] (see also Table 4 in Section 7.3).
Therefore, identification of the TC type is done by the limit
testing, up to some tolerance, and it needs to be confirmed
with the MSE value and with visual inspection. The TC
type is determined if and only if all three are positive.

If desired, the final report of these measurements can be
printed. This report contains the V(¢) characteristic of 7> and
T3, results for arbitrary temperatures and the obtained
deviations, determined types of TCs, current date and time,
and other.

The application was designed to be effective for all
measurements described, without knowing the type of TCs
T, and Ts. It can be used in the same way also if these types
are known. Moreover, with some minor changes, the
application can be used (the first and the second part need
to be skipped) and direct measurement of the temperatures
with 71, 7> and T3 can be performed. This can be used for
calibration of 75 and 73.

7. MEASUREMENT RESULTS

The results obtained from the measurements are
presented in this section. In order to confirm the
applicability of the proposed measurement procedure,
especially the CJC calculation procedure, five TCs with
known type and one TC with unknown type (type X) were
used in the experiments. These five TCs are of the
following types: T, N, J, K [12] and L (similar to type J;
described in former standard DIN 43710). However, all the
measurements were performed so that these types were not
taken into account at the beginning of the measurement.
Therefore, all six TCs were tested according to the
measurement procedure described in the previous section.

Depending on the TC measurement range, measurements
were performed at different temperature ranges, as follows:

1. types K and L — up to 400 °C,

2. types T and N — up to 140 °C, and

3. types J and X — up to 200 °C.

Measurements were repeated three times, each time with
two TCs of the same range, and six TC characteristics were
identified in these measurements.

7.1. COLD JUNCTION COMPENSATION

Table 1 summarises all the results of measurements related
to the CJC. CJC was performed by the proposed approach, as
presented in Fig. 2. At two relatively low temperatures, TC
voltages were measured. The reference voltages V.., were
calculated using linear extrapolation.

4
Table 1
Measured cold-junction compensation voltages
Type K [ L T | N I | X
1 [°C] 12.36 12.96 13.05
t[°C] 14.36 14.92 14.95
Vo [mV] 1.128 | 1439 | 1.163 | 0.789 | 1.158 | 0.828

7.2. RECORDING OF ¥(t) CHARACTERISTICS AND
MEASUREMENT OF ARBITRARY TEMPERATURES

The measured F(f) characteristics of all six TCs are
presented in the graphs in Fig. 9.

Measurements of arbitrary temperatures were done using
these V(f) characteristics. The results for the measured
temperatures and absolute deviations of these temperatures
relative to the one measured with the calibrated TC are
presented in Table 2. Temperature ¢, was measured with the
calibrated TC, voltages V> and V3 were measured with the
tested TCs, temperatures £, and #; were calculated according
to previously measured V(f) characteristics and A, =, — ¢

and Az =3 — 1, are the corresponding absolute deviations.
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o VImv] |

8 4
6 4
4+ 4
2r t[°C] 7
0 50 100 150 200 250 300 350 400
a)
7 T T T T T T T
V[mV]
6 4
5+ Type T -
4+ 4
3+ 4
2+
Type N
1k o
1[C]
0 1 1 1 1 1 1 1
20 40 60 80 100 120 140
b)

N
N w A~ OO O N ©® © o
T T

N
T

t[°C]

180 200

20 40 60 80 100 120 140 160
<)
Fig. 9 — Measured J/(¢) characteristics: a) types K and L; b) types T and
N; ¢) types X and J.

o




5 Branko Koprivica, Alenka Milovanovic, Tatijana Dlabac

281

30

25

Table 2

Measured arbitrary temperatures
t V) Vs t t Aty Aty
TP | et | mvi | mvi | el | el | el | e
54.4 2.24 2.86 55.7 55.7 1.3 1.3
K and L 75.0 3.10 3.95 76.6 76.6 1.6 1.6
215.0 8.76 | 11.35 | 216.8 | 215.4 1.8 0.4
315.2 | 1290 | 16.87 | 317.0 | 312.8 1.8 | 2.4
50.1 2.11 1.41 50.5 50.6 0.4 0.5
Tand N 70.0 2.97 1.98 70.3 70.3 0.3 0.3
100.0 4.32 2.85 | 100.5 | 100.3 0.5 0.3
40.9 1.34 1.88 38.2 382 | 2.7 | 2.7
Jand X 49.0 1.68 2.29 47.0 46.8 | —2.0 | 2.2
74.1 2.72 3.62 72.8 727 | 1.3 | -14

The obtained absolute deviations are mostly within the
tolerances given in the standard [12], except one amounting
to —2.7 °C obtained at 40.9 °C with types J and X (the
standard tolerance for type J is +2.5 °C). Therefore, the
measured V() characteristics are in good agreement with
the standardised ones. This also indicates the validity of the
proposed CJC method.

7.3. THERMOCOUPLES TYPE IDENTIFICATION

Figure 10 presents a comparison of the measured V(r)
characteristics of all six tested TCs and the V(7) characteristics
of the standardised TC types B, E, J, K, N, R, S and T at the
corresponding ranges. From the presented graphs, it can be
observed that the recorded characteristics are in very good
agreement with the standardised characteristics. The TC
types can be identified according to these graphs.

However, the identification should be confirmed not only
visually but with some numerical results. This paper
proposes two ways of numerical TC identification: by
calculation of the mean square error (MSE) and by limit
testing. Also, a validation of identification using the
regression analysis, such as the coefficient of determination
(R squared) and other, can be applied.

The MSE was calculated according to the following
expression:

1 N
MSE = ~ > (Vs

i=1

_Vn‘)29

where V; is the voltage corresponding to the temperature ¢
obtained from the V(¢) characteristic of the standardised TC,
Vi is the voltage corresponding to the temperature
obtained from the measured V(¢) characteristic of the tested
TC, N =20 is the total number of temperatures ¢ used in the
calculation. The MSE was calculated for eight standardised
TC types (B, E, J, K, N, R, S and T) and the minimal MSE
indicated the type of the tested TC. In ideal matching of
two V(f) characteristics, the MSE is equal to zero. However,
this result cannot be achieved in a real experiment and for
appropriate identification it is reasonable to expect very
small values of MSE (such as 0.01 or 0.04), as presented in
Table 3. In this table, the bold numbers in each row are the
minimal values of MSE and they are indicators of the tested
TC type. As can be seen in Table 3, two or three values of
MSE can be small (mostly expressed in column T). The
reason is the small difference of two standardised F(¥)
characteristics (T and K, Fig. 10b) in the corresponding
temperature range (140 °C).
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Fig. 10 — Comparison of ¥(#) characteristics of two measured (solid
lines, squares and arrows) and eight standardised (dashed lines, marked
with letters): a) types K and L; b) types T and N; ¢) types X and J.
Table 3
Calculated mean square errors

MSE [(mV)?]
ested type
Standard typ K L T N J X

B 84.25 | 149.17 | 12.21 | 527 | 3548 | 21.81
E 47.27 14.73 2.79 | 8.24 2.59 8.39
J 10.11 0.04 0.63 | 3.97 0.04 2.26
K 0.01 9.14 0.03 | 1.04 1.59 0.04
R 58.57 | 114.22 8.94 | 3.21 | 27.23 | 1545
S 59.52 | 115.55 8.96 | 3.21 | 27.33 | 15.53
T 4.56 1.045 0.01 | 1.44 0.64 0.24
N 5.06 27.80 1.55 | 0.01 7.14 1.92

Limit testing has

been previously described and

illustrated in Fig. 8. During this testing, an upper and lower
limit were set in such a way that two lines parallel to the
V() characteristic of the standardised TC type were created
(one above and one below). Both limits are at the same
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small distance from the V(¢) characteristic. The measured
V(f) characteristic of the tested TC should be inside these
limits to have a positive TC type identification. Also, the
test needs to be positive only for one standardised V(¢)
characteristic. The testing was repeated until the minimum
distance was determined. This distance is represented as a
percental value of the corresponding voltage of the
standardised TC type. The lower this minimal limit is, the
closer the recorded V(f) characteristic is to the standardised
V(%) characteristic. The values of the minimal limit and the
type identified for the tested TCs are presented in Table 4.

According to the graphs given in Fig. 10 and the results
in Tables 3 and 4, a successful identification of type was
performed for all six tested TCs. Four TCs of known type
were identified with their original type, while one TC of
known type L was identified as type J. This identification
can be considered successful because the V(¢) characteristics
of TC types L and J are almost identical. In the case of the
TC of unknown type (type X), the identification was also
successful and this TC was identified as type K. However,
according to the graph presented in Fig. 10c and the result
of limit testing given in Table 4 (last column), it can be seen
that a noticeable difference between V() characteristics
exists. In any case and in this case also, the identification is
valid only in the corresponding temperature range.
Generalisation to a wider temperature range should not be
made. Therefore, in the last case, the TC can be used in
further measurements as standardised type K, or it can be
used as an unstandardised type with the previously obtained
V(#) characteristic, but only for temperatures up to 200 °C.

In addition to the identification of an unknown TC type,
the proposed CJC method can be used in the calibration of a
TC of known type. This can be done by following the
procedure described in Sections 3—5 without producing a
zero temperature (0°C) and without the additional
thermistor for measurement of the reference-junction
temperature. However, the implementation of such a CJC
needs to be carefully considered and put in accordance with
calibration references, such as [18].

8. CONCLUSIONS

An approach to cold junction compensation for
thermocouples has been proposed in this paper. This
approach is general since it can be used for any type of TC.
Especially, it can be used when the TC type is unknown.
Also, this approach is simple, it can be easily implemented, it
is not time-consuming and it requires no additional costs.

In this paper, the approach to CJC was implemented using
a PC-based measurement setup. Data acquisition cards and a
LabVIEW application were used for performing all
measurements. This equipment was used for the identification
of unknown TCs. Their ¥V(#) characteristics were recorded
and the arbitrary temperatures were measured using these
characteristics. Relative deviations of the obtained results
were calculated. Almost all the deviations were within
standard tolerances.

Table 4
Calculated limits
Type K L T N J X
Min. limit [%] | £0.50 | £1.60 | £1.55 | £1.75 | £2.65 | +4.00
Identified type K J T N J K

The obtained characteristics were compared with the
standardised characteristics of B, E, J, K, N, R, S and T types
of TC and the unknown TC was identified.

The results presented in this paper are very useful for
teachers and students interested in temperature
measurement with thermocouples. They can collect new
theoretical and practical knowledge on thermocouples,
measurement methods and equipment, as well as software
tools for the development of virtual instruments.

Furthermore, the proposed CJC approach and the results
presented may encourage other researchers to devote more
attention to this subject and to propose other CJC
approaches and their practical implementation.
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