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Abstract The use of thermoelements is a commonly applied method in industry
and engineering. It provides a wide measurement range of temperature, a direct volt-
age signal from the transducer, low cost of the thermoelement, and its resistance to
many unfavorable factors which occur in an industrial environment. Unfortunately,
thermoelements may not be resistant to interferences of a strong electromagnetic field
because of the nature and design of a transducer. Induction heating is the most com-
monly used type of heating, at present, for metals. In order to guarantee the correctness
of the carried out heating process, it is essential to control the temperature of the heated
element. The impact of a strong electromagnetic field upon the thermocouple temper-
ature measurement of the inductively heated elements has been analyzed in this paper.
The experiment includes dozens of measurements where the following parameters
have been varied: frequency of the current which feeds the heating inductor, power
supplied to the heating system, geometry of heat inductor, and the charge material
and its geometrical dimensions. Interferences of the power-line frequency have been
eliminated in part of the carried out measurements.

Keywords Electromagnetic field · Electromagnetic interference · Temperature ·
Thermocouple · Thermoelement

1 Introduction

Induction heating is a popular method used for heating in metal processing. It is
used both for melting induction furnaces, and pre-heating before plastic working or
heat treatment [1–3]. The method has become so popular due to its heating nature
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because the heat is emitted directly inside the heated charge and it is not transferred
through the surface. The emission of heat sources directly inside the charge enables
generation of a high heating intensity. In many processes, e.g., hardening, it is essential
to reach a particular temperature range of the heated charge. Thermoelements are
commonly used for controlling the temperature. However, in the process of heating,
the indicated temperature is quite often unreliable [4]. On the basis of the performed
tests, measurement deviations range from several up to tens of percent. Measurement
results become reliable when the electromagnetic field stops being active. According
to the literature [5,6], the electromagnetic field can disturb the measurement made by
the thermoelement in three ways: by inducing a voltage in the thermoelement circuit,
by galvanic coupling and the passage of current between the heated element and the
meter circuit, as well as by induction heating of the thermoelement itself.

The aim of the measurement tests performed by the authors of this paper was to test
which mechanisms of the measurement interferences are crucial for the temperature
measurement carried out in a strong electromagnetic field and whether it is possible
to eliminate these interferences.

2 Induction Heating

There is a wide variety of equipment for induction heating; therefore, they can be
grouped according to the following typical criteria: geometry, current supply fre-
quency, and power of the heating system. As far as geometry is concerned, induction
heating includes the equipment for heating flat charges, the equipment for heating
cylindrical charges, and non-typical heaters. As far as the current supply frequency is
concerned, there are heaters which use the power-line frequency (50 Hz or 60 Hz),
medium frequency (500 Hz to 10 kHz), high frequency (10 kHz to 300 kHz), and
extremely high frequency (300 kHz to 27.12 MHz) [7,8]. Taking into account the
power, the division is quite typical: low power equipment (up to 50 kW), medium
power (up to 200 kW), and high power (above 200 kW) [7].

An induction heater consists of three basic elements: current supply source, heating
inductor, and charge feeding system. A typical diagram of an induction heater has been
presented in Fig. 1.

Fig. 1 Diagram of induction
heater system
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The basis for describing the electromagnetic phenomena in a heating inductor of
the heater is Maxwell’s system of equations supplemented by constitutive equations
and the generalized Ohm’s law [8]. Omitting the displacement current and applying
the vector potential allows a description of the electromagnetic field of an induction
heater by the equation

∇ × (μ−1∇ × A) + jωσA = Js, (1)

where A is the magnetic vector potential, μ, σ are the magnetic permeability and
conductivity, ω is the angular frequency, and Js is the source current density.

The source current (Js), running through the heating inductor, induces an electro-
magnetic field which generates eddy currents in all conducting objects which are in
the area of its interaction, particularly in the zone of the heating inductor and charge.
Eddy currents, running through the medium which features the resistivity, generate
heat sources with a volumetric density,

p = J2

σ
, (2)

where J is the eddy current density.
The distribution of the power density for various frequencies has been studied in

Refs. [9–12]. A simplified analysis of the electromagnetic field incident upon the flat
half-space enables determination of the expression for the depth of the magnetic field
penetration [8],

δ =
√

2

ωμσ
, (3)

the quantity which defines how deep from the metal surface the electromagnetic field
generates heat sources. It has been assumed that the electromagnetic field has a con-
siderable impact at a depth of 1.5 δ, and further on, it actually disappears. The objects
of thickness considerably smaller than the depth of the field are ‘transparent’ for the
electromagnetic field, and eddy currents are not induced in them.

3 Thermoelements

The basic phenomenon which makes the temperature measurements possible, applying
thermoelements, is the effect which has been observed by Seebeck, i.e., the effect
of electric current flow in a circuit which consists of two different conduits with
their connectors placed at different temperatures. A quantitative description of this
phenomenon has been based on a formula which defines Seebeck’s thermoelectric
force for a homogeneous conductor whose ends are placed at different temperatures
[6,11]

dE = σA (T ) dT (4)

123



670 Int J Thermophys (2013) 34:667–679

where E is the thermoelectric force and σA is the Seebeck’s coefficient of metal A.
Taking into consideration a couple of joined conductors and assuming that the

free ends of the conductors are at the same temperature (reference temperature), the
formula for the thermoelectric force of a closed loop has the form [6,13]

EAB
(
Tp, To

) = eAB
(
Tp

) − eAB (To) , (5)

where eAB(Tp) is the contact potential difference on a junction of A and B metals at
the temperature of measurement and eAB(To) is the contact potential difference on a
junction of A and B metals at the reference temperature. The generated electromagnetic
force, proportional to the temperature difference, is relatively small, and the system
used for measuring it should have high inner resistance.

There are also three additional phenomena which accompany the passage of current
in conductors and conductor junctions placed at different temperatures. These are the
Peltier effect, the Thompson effect, and the Joule heat emission effect. Peltier’s and
Thompson’s effects have been described by

dQ

dt
= pAB I (6)

dQT = t I
dT

dx
(7)

where dQ is the amount of heat transferred between junctions (Peltier), pAB is Peltier’s
coefficient for the junction of metals A and B, t is Thompson’s coefficient, I is the
electric current intensity, and dQT is the amount of heat per unit of length in a homo-
geneous metal (Thompson). Joule’s effect as expressed by Eq. 2 defines the amount
of heat emitted inside the metal while the current flows. Equations 2, 6, and 7 reveal
that the heat flow or heat emission depends on the current intensity in the circuit.

The high inner resistance of a transducer and the very low voltage signal obtained
from a thermoelement (at the level of about 40 µV for a thermoelement of type K)
makes the measurement system highly susceptible to electromagnetic interferences. It
is possible to reduce the interferences by shielding or by twisting the thermoelement
wires. Another way of reducing the impact of interferences of a changeable nature is
the application of wave filters.

The susceptibility to electromagnetic interferences as well as the time constants
of the measurement depend on the type of thermoelement (Fig. 2). In the experiment
carried out by the authors of this paper, two types of thermocouples of different con-
struction have been used: an exposed thermocouple and an insulated thermocouple
(Fig. 2c). The exposed thermocouple has been formed by two wires made of chromel
and alumel, 0.35 mm thick and 250 mm long, placed in a shield made of ceramic
beads, twisted around each other. The insulated thermocouple had a shield of 3 mm
diameter, and it was 250 mm long. Supply wires have been placed in a shield.
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Fig. 2 Types of coated
thermoelements according to
[3]: (a) insulated junction,
welded-in bottom, (b) junction
welded in a bottom, (c) insulated
junction, shield without a seam,
and (d) sticking out junction

4 Measurement

The multi-variant experiment, including over 12 measurements, has been carried out in
order to examine the impact of a strong electromagnetic field upon the thermocouple
measurement of temperature. The variants included the supply current frequency,
the heating inductor geometry (Fig. 3), the material of a heated charge, the charge
dimensions, the type of thermocouple used (Fig. 4), and the power supplied to the
system. The measurement system has been presented schematically in Fig. 5.

The heating has been carried out in different heating inductors depending on the
power supply source. Two different ingots were heated: aluminum cylindrical ingot,
135 mm high with 20 mm diameter, and steel ingot (ferromagnetic), 153 mm high
with 24 mm diameter. The temperature was measured 5 mm from the wall at the top
of the ingot. The following methodology has been used in order to examine the impact
of the electromagnetic field upon the obtained measurement results: the charge was
heated for 10 s (measurement in EM field) and then the power supply source was
switched off for 5 s (measurement without EM field). A complete measurement cycle
was 120 s. The temperature was recorded every second, and it was written to a file.
Results of the experiment are listed in Table 1.

The temperature dependences of the heated steel charge on the heating time, for
insulated and exposed thermocouples, are presented in Fig. 6. After switching off the
source of the electromagnetic field, the temperatures measured by the two types of
thermocouples were quite close (in the time range between 10 s and 15 s, 25 s and
30 s, 40 s and 45 s, 55 s and 60 s, 70 s and 75 s, 85 s and 90 s, as well as 100 s and
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Fig. 3 Temperature measurement for variants: (a) P1 to P7, frequency of 330 kHz and (b) P8 to P13,
frequency of 50 Hz

105 s). At every moment the source was switched off, there was a decrease of the
temperature as measured by the exposed thermocouple. This was due to the induced
electromagnetic interferences in the thermoelement. Such an effect did not occur in
the insulated thermocouple. Its shield was made of non-magnetic steel that shielded
the electromagnetic field but heat was generated mainly in the ferromagnetic charge.

Temperature values measured for the P3 variant have been presented in Fig. 7. It can
be clearly seen that interferences which have been induced in that case in the exposed
thermocouple are considerably high. The value of the voltage on the thermocouple
transducer exceeds the measurement range of the converter which has been connected
to a thermoelement. Correct values can be observed only when the electromagnetic
field has been switched off (Fig. 8 variant P3).

While the aluminum charge has been heated, the thermocouple shield has been
heated up as well (variant P4, Fig. 8). The shield was made of non-magnetic steel,
and therefore, it heated more intensively in the electromagnetic field than does an
aluminum cylinder positioned in the heating inductor. The observed temperature which
has been recorded by the insulated thermocouple was a result of heat generated in the
heating process of the thermocouple shield and aluminum charge. It was significantly
higher than the temperature recorded by the exposed thermocouple (when there was
no electromagnetic field during the measurement that was carried out) and it can be
assumed that this temperature is the reference temperature. Temperatures recorded for
P3 and P4 variants have been presented in Fig. 8. The temperatures for the P3 variant
shown in Fig. 8 are only those which were measured when the electromagnetic field
was not active.
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Fig. 4 Use of thermoelement:
(a) insulated and (b) exposed

Fig. 5 Diagram of the measurement system
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Table 1 Results of variants for 330 kHz and 50 Hz frequencies

No. of variants Frequency (Hz) Thermocouple Material of
work-piece

Place Interference
suppression

P1 330 000 Insulated Steel Inside work-piece Filter 50 Hz

P2 330 000 Exposed Steel Inside work-piece Filter 50 Hz

P3 330 000 Exposed Aluminum Inside work-piece Filter 50 Hz

P4 330 000 Insulated Aluminum Inside work-piece Filter 50 Hz

P5 330 000 Insulated – Inside inductor Filter 50 Hz

P6 330 000 Exposed – Inside inductor Filter 50 Hz

P7 50 Insulated – Inside inductor Filter 50 Hz

P8 50 Exposed – Inside inductor Filter 50 Hz

P9 50 Insulated Steel Inside work-piece Filter 50 Hz

P10 50 Insulated Steel Inside work-piece Filter 60 Hz

P11 50 Exposed Steel Inside work-piece Filter 50 Hz

P12 50 Exposed Steel Inside work-piece Filter 60 Hz

Fig. 6 Temperature measurement for variants P1 and P2 (frequency of 330 kHz)

Data presented in Fig. 9 have revealed that the electromagnetic field of 330 kHz
frequency heated the thermoelements that were used in the experiment. In the insulated
thermocouple, there was a step increase of temperature, matching the switching on and
off mode of the electromagnetic field until a quasi-steady state was reached at 550 ◦C.
The exposed thermocouple has also heated when EM was active, and it cooled when
the electromagnetic field was switched off (detail A). The quasi-steady state was about
100 ◦C, however, in such circumstances when the electromagnetic field was active,
some disturbances have been induced which caused that the temperature indicated by
the system had a constant value at the level of 100 ◦C when the electromagnetic field
was active (Fig. 9, detail B).

Summing up the measurements which were carried out for induction heating at a
frequency of 330 kHz, it can be stated that there have always been some errors in the
examined measurement system. There were two problems as follows:
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Fig. 7 Temperature measurement for P3 variant (frequency of 330 kHz)

Fig. 8 Temperature measurement for P3 variant (without EM) and P4 variant (frequency of 330 kHz)

• heating up of the thermoelement or its shield (both the exposed and insulated
thermocouples),

• induction of electromagnetic interferences (exposed thermocouple).

Unfortunately, the depth of the electromagnetic field penetration (Eq. 3) at 330 kHz
frequency is 0.75 mm for non-magnetic steel, 0.74 mm for NiCr alloy, and 0.48 mm
for Alumel. Thus, for elements of comparable thickness and larger than the depth of
the electromagnetic field penetration, the process of thermoelement heating as a result
of electromagnetic field activity is unavoidable.
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Fig. 9 Temperature measurement for P5 and P6 variants (frequency of 330 kHz)

Fig. 10 Temperature measurement for P7 variant (frequency of 50 Hz)

The only acceptable, accurate results have been obtained for the temperature mea-
surement of the ferromagnetic charge using the insulated thermocouple. The ferro-
magnetic charge shielded the thermoelement terminal and, at the same time, it was
heated up much stronger due to the activity of the electromagnetic field than the ther-
moelement itself. It should be noted here that the temperature during the experiment
did not exceed the Curie temperature.

In the part of the experiment carried out for a frequency of 50 Hz, the heating of
the thermocouple shield and the thermocouple wires resulting from electromagnetic
field activity did not occur. For that frequency, the depth of the electromagnetic field
penetration was 60 mm for non-magnetic steel, 59 mm for NiCr alloy, and 38 mm for
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Fig. 11 Temperature measurement for P8 variant (frequency of 50 Hz)

Fig. 12 Temperature measurement for P9 and P10 variants (frequency of 50 Hz)

alumel. It was many times larger than the thickness of the thermocouple shield or the
thickness of its wires. This can be clearly observed in Figs. 10 and 11 which present
the temperature records when only the thermocouple has been placed in the heating
inductor. The temperature was actually constant. A slight increase of temperature was
probably due to the heating of the thermoelement caused by the heat insulation of a
heating inductor (heat insulation was warmed in earlier experiments to about 35 ◦C).

The induced electromagnetic interferences are still an unsolved problem, indepen-
dent of the frequency. The majority of convertors have filters for the power supply
frequency which eliminates the interferences of 50 Hz or 60 Hz frequency. The prob-
lem of eliminating interferences is probably realized by the change of the integration
time constant of the AD converter where the method of double integration is used
for processing. The results of the measurements carried out with an insulated ther-
mocouple and an exposed thermocouple using proper filtering of line interferences
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Fig. 13 Temperature measurement for P11 and P12 variants (frequency of 50 Hz)

are presented in Figs. 12 and 13. There is high convergence of the obtained results
(variants P9 and P11). They show a proper and improper filtering of the interferences
of the power supply frequency. When the interferences of power supply frequencies
were filtered improperly, then the readings of the measurement system were unreliable,
independent of which type of thermocouple (exposed or insulated) had been used.

5 Conclusions

Induction heating is a frequently used heating method in the metallurgical industry. The
temperature reached by a charge when it leaves the heater is one of the most important
technological parameters. Thermoelements are used for controlling the temperature.
These are some of their advantages: low cost, wide range of measured temperatures,
they can be used in a polluted environment, and with vapor and gases produced in the
process of heating. However, in the process of induction heating, temperature readings
are often unreliable. In practice, measurement deviations can range from several to tens
of percent. When the electromagnetic field stops being active, the measurement results
become reliable again. A series of experiments have been performed and presented
in this paper, and their aim was to check the reliability of temperature measurement
when the electromagnetic field was active. Twelve measurement cycles for various
frequencies of the electromagnetic field and different types of thermocouples have been
carried out. On the basis of the measurements which were made, it can be observed
that:

• errors always appear in the examined measurement system at a frequency of 330
kHz. The following basic problems are:

– thermoelement or its shield is directly heated by the electromagnetic field
(exposed or insulated thermocouple),

– electromagnetic interferences were induced (exposed thermocouple),
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– for that frequency it was not possible to eliminate the errors resulting from the
induced electromagnetic interferences using a line interference filter,

• for a frequency of 50 Hz in the examined system, there were only errors result-
ing from the induced electromagnetic interferences. These interferences could be
easily eliminated by fitting in the measurement system of a line interference filter.

In the course of tests, a simple low-pass filter has been used for eliminating inter-
ferences but it was not effective at such a high input resistance of the measurement
system. Filtering at a digital side seems to be an interesting method of eliminating
interferences. It requires a much higher frequency of signal sampling (about 1 MHz).
It is quite likely that signal filtration at the digital side of the equipment would be more
flexible and effective. Possibilities of that type of filtration will be developed in the
course of further research since the problem is essential from a practical point of view.
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