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Abstract: The paper considers the issues of creating high-temperature digital thermographs based
on RGB photodetector arrays. It has been shown that increasing the reliability of temperature
measurement of bodies with unknown spectral coefficient of thermal radiation can be ensured by
optimal selection of the used spectral range and registration of the observed thermal radiation fields
in three spectral ranges. The registration of thermal radiation in four or more spectral ranges was
found to be inefficient due to the increasing error in temperature determination. This paper presents
a method for forming three overlapping spectral regions in the NIR spectral range, which is based
on the use of an external spectral filter and a combination of the spectral characteristics of an RGB
photodetector array. It is shown that it is necessary to ensure the stability of the solution of the system
of three nonlinear equations with respect to the influence of noise. For this purpose, the use of a priori
information about the slope factor of the spectral dependence of the thermal radiation coefficient in
the selected spectral range for the controlled bodies is proposed. The theoretical results are confirmed
by examples of their application in a thermograph based on an array of CMOS RGB photodetectors.

Keywords: temperature measurement; thermography; pyrometry methods; thermal radiation
coefficient; RGB matrices; high-temperature thermal imaging

1. Introduction

Today’s product quality requirements impose a mandatory control of the conditions
under which manufacturing processes are carried out. Process temperature control is one
of the main requirements of modern standards. Temperature is a quantitative parameter of
the internal energy of bodies, so recording and analysis of temperature fields gives infor-
mation on the state of objects and the course of various processes [1,2]. The non-contact
methods based on the registration of thermal radiation emitted by the surface of the heated
product seem to be the most convenient ones for controlling the temperature of complex
thermal processes. In many cases, it is effective to use an infrared imaging technique that
enables the presentation of a partial image of the radiation temperature field T, (x,y) of
the supervised body on the monitor screen. Extensive information on its capabilities and
application can be found on the websites of leading manufacturers of thermal imaging and
thermographic equipment. However, the issues concerning the physical basis of temper-
ature measurements, the formation of differential radiative heat transfer fluxes and the
corresponding digital signals, the methods of temperature calculation with the uncertainty
of the thermal emission coefficient, as well as the sources of uncertainty in temperature
measurements are considered official information that is not widely disseminated. For
users of thermographic equipment, such absence causes difficulties in the interpretation of
measurement results in complex cases [3], e.g., with non-uniform heating, dynamic change
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of heat emission coefficient, presence of external illumination, etc. This is especially true for
high-temperature thermography, where the techniques recommended by manufacturers of
infrared thermal imaging equipment [1,4] to eliminate the influence of unknown factors
are inapplicable due to the high temperature of objects. Therefore, in difficult conditions, it
is necessary to apply thermographic techniques of different spectrum ranges [5-9], which
is illustrated in Figure 1.
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Figure 1. Dependences of the spectral density of the surface luminosity of the absolute black body
on the wavelength at different temperatures and spectral regions that are used in modern thermal
imagers of the NIR, SWIR, MWIR, and LWIR spectral ranges.

Thermal radiation of metals is generated by photons resulting from quantum processes
in a thin surface layer of about 4 nm thick. Therefore, when the metal is heated to high
temperatures, its surface roughness degree, its oxidation by atmospheric oxygen, presence
of impurities, etc. can lead to a substantial change of spectral dependence of thermal
radiation coefficient € (A) in comparison with the tabular values given in reference books.
In addition, other factors related to the observation conditions of the heated surface and
the parameters of the photodetector path of thermographic technology will also contribute
to error in measuring temperature [8,9].

In large enterprises, when controlling processes with stably repeating parameters
(for example, rolling mills), the deviation of the partial radiation temperature T, from the
specified values is usually used, since the parameters of thermal processes are stable. In
the case of new complex thermal processes, however, it is desirable to determine the real
values of T. Therefore, when the ¢, is uncertain, some authors suggest a more complex
thermographic technique [10], using the measurement of thermal radiation in three [11],
four [12], or even eight spectral bands [13].

Only low-cost thermographic techniques with stable methods of digital processing of
registered thermal fields can have practical application in the control of high-temperature
thermal processes. It can have two designs: (1) monoblock, when the thermograph cham-
ber together with processing and indication unit are assembled in one inseparable case,
and (2) combined, consisting of two units: the thermograph chamber and the processing,
indication, recording, and storage device [14]. Communication between them is performed
through a wired (USB, GIG-E) or wireless (Wi-Fi) interface. A serious advantage of the
mobile two-unit design is the possibility of using modern small-size computing equipment
as a processing device—laptops and tablets, which are convenient for recording, storing,
and subsequent analysis of recorded thermograms and video recordings of complex dy-
namic processes. Thus, non-standard algorithms of processing the received thermal images
optimized for a concrete task of temperature field control can be used.
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In contrast to the thermographic technique of the LWIR range of the spectrum in
thermography of the visible and NIR ranges, the spectral density of the brightness of
the recorded thermal radiation L (x,y) is changed by several orders of magnitude [7-11].
Adjusting the illumination of the matrix of photodetectors by changing the f-number of
the lens of the thermograph camera is unacceptable, since the solid angle of incidence of
radiation on the light-sensitive elements changes, and there are deviations of the recorded
signals from the calibration dependence. Therefore, it is necessary to introduce algorithms
for the automatic selection of the exposure time of the frame 7.y, which can vary over
a wide range, into the software of the photoreceiving path. At high temperatures and,
accordingly, short exposure times, a noticeable effect of defects in the photodetector matrix
used in the thermograph is manifested, which must be excluded. This requires the use of
appropriate methods for carrying out calibration work, which makes it possible to take
into account the peculiarities of the photodetector path and the noise properties of the used
photodetector matrix.

When analyzing possible ways to solve the problems noted above, it is necessary to be
guided by the basic principles of reducing the uncertainty of temperature measurement
by thermographic technology in the high-temperature range. The following should be
provided [15]:

e the ability to measure the true temperature T and estimate the effective emissivity &g

e minimization of the uncertainty of the temperature measurement results achieved
through the optimal choice of spectral sections for registration of thermal radiation
and the elimination of the influence of the deviation of the calibration curves from the
calculated dependences;

e determination of the maximum body temperature Tax and its dependence on time,
as well as the possibility of video recording of the temperature field and its subse-
quent frame-by-frame viewing, which is necessary when monitoring complex heat
engineering processes;

e invariance of the results of determining the maximum temperature Tmax to changes in
the size of the image of the monitored bodies;

e invariance of the measured values of Trmax to nonstationarity of the noise dispersion
of the used photodetector matrix, i.e., the dependence of its noise on the value of the
incident thermal radiation flux.

To introduce these principles into the design and algorithms of software for high-
temperature thermographic technology, it is necessary to carefully analyze the mechanisms
of the influence of several factors on the uncertainty of the measured values of T [16]
and the existing capabilities of photodetector matrices, optoelectronic technologies and
algorithms for digital processing of recorded heat fluxes.

Therefore, the authors have tried to cover the principles of multispectral high-temperature
thermographs functioning, using all available (or existing) arsenal of modern knowledge
in character analysis and modelling of optoelectronic systems and digital technology.

2. Design and Quality Indicators of Thermographic Equipment

An idea of the composition of modern thermographs based on uncooled photodetector
matrices is given by the diagram shown in Figure 2. The absence of moving mechanical
elements, miniaturization of electronic components up to the inclusion of an ADC in the
single-chip matrix of photodetectors, and mass production of compact lenses with high
resolution makes it possible to create small-sized digital thermographs with the ability to
quickly record the received thermograms and their primary analysis.
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Figure 2. Scheme of temperature control with a thermograph based on a matrix of photodetectors
and its functional diagram.

The currently available set of commercially available photodetector matrices of var-
ious spectral ranges makes it possible to create thermographic equipment with optimal
parameters for measuring low, medium, and high temperatures. They usually include:
a lens with a multilayer antireflection coating; an optical filter that forms the required
spectral range and can be applied to the input window of the photodetector matrix; a
built-in controllable shutter (in MWIR and LWIR ranges) to block the field of view in order
to quickly correct the sensitivity of the thermograph elements, which allows ensuring
uniformity of the thermograph sensitivity over the field of view; a matrix of photodetectors
with a unit for reading signals, amplifying them and converting them into digital form; a
display device or monitor; a control unit for the operation of the thermograph with the
necessary controls; a block for processing the received images and displaying thermograms
on the monitor screen; an interface for communication with external devices and a storage
device for received data, which are usually stored in the form of files of a certain structure.

Since the assessment of the quality of thermographs based on the visually observed
image is subjective, in the process of development of thermal imaging technology, a
number of standard indicators (parameters and characteristics) have been developed, the
measurement of which is carried out in the laboratory conditions [17-19]. They allow
experts to predict how the camera will perform under real-world conditions. Standard
indicators, a detailed description of which is given in [18,19], are usually divided into
8 groups. Of these, high-temperature thermography is usually used:

e  accuracy parameters the root-mean-square value of the error with which the tempera-
ture can be measured;
instantaneous field of view;
frame formation time or frequency of their repetition;
resolution.

3. Formation of a Digital Image of the Temperature Field

Thermographic equipment does not allow directly determining the distance to the
object and therefore operates with signals that depend on two variables x, y, i.e., only with
the dependence of the illumination E (x, y) of the object image and the background in
the focal plane of the receiving lens. For incoherent radiation, the illumination E (x, y)
in the image space is proportional to the brightness L (x1, y1) of conjugate points in the
object space. When calculating the spectral illumination density E (A) of the photosensitive
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element of the matrix with the area s, the spectral radiation flux density at the entrance
pupil of the objective is usually determined

2 2

@l () ~ Lsin = o (1) Lvsa 0
where s59 is the area of the projection of this matrix element onto the surface of the observed
object in the space of objects, () = nD?/(4z?) is the solid angle in which the radiation of
the body from this area falls on the lens, f and D are the focal length and diameter of
the entrance pupil of the lens, accordingly, and z is the distance from the surface of the
observed object to the main optical plane of the lens. For Lambert emitters, their brightness
L is proportional to their surface luminosity M, i.e., they are related by the expression
L = M/m, which leads to a simple expression for the spectral illumination density of the
photodetector matrix

Plens (A) D2 f 2
EA)=—"*——=—(1-=] M(A) =KM(A 2
(0= P = B (1= L) Moy = kMo, ®
where the K coefficient takes into account the aperture of the lens and the distance z to
the object

K= (D2/4f2) (1—f/z2)% 3)

and is a dimensionless quantity, which can be called the coefficient of connection between
the illumination of the thermograph matrix and the luminosity of the object at a unit
transmittance of the lens 1; = 1. Then, the spectral flux entering the photosensitive element
of the photodetector matrix through the lens is described by the expression

2 2
Dpe(A) = Tli}z( - £> M(A)8ge = T KM(A)sge- 4)

Averaged spectral slope of current conversion of photosensitive elements of photonic
detector arrays

< _ AL Nex(A)eAP(A) 1 _ Nex (A)eA
Si(A) = ADA) — he/A ADP(A) ke

©)

takes into account the external quantum yield 1. (A) of the photosensitive element, the
power of the difference flux of radiation heat transfer A® (A) carried by photons, and
physical constants: the magnitude of the electron charge e, Planck’s constant /, and the
speed of light in vacuum c¢. Multiplying S;(A) by @, (A), we obtain the current L, generated
by photons in the photosensitive elements of the matrix, which forms a charge Q = Iy, Te.
during the exposure of the frame ..

When calculating the signal D;; at the output of the ADC of the thermograph, coming
from the 7j elements of the photonic detector matrix, it is necessary to integrate the fluxes of
monochromatic radiation falling on the photosensitive elements of the matrix within the
used spectral region Agy—Ay

Ay
e f

Dl']'(T,TE) :TleuekijngD E/ Tof()\>nex(/\)Mij()\/ T)/\d/\ Te, (6)
Asw

where Tof (A) is the transmission coefficient of the optical filter, which, in the form of
multilayer coatings, can be applied to the optical surfaces of the lens or the input window
of the photodetector array, kop is the conversion factor of the charge entering the input of
the matrix reading unit into a digital code, and g is the gain of the amplifier built in before
the ADC.
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Modern arrays of photonic detectors have a sufficiently wide range of signal linearity
and a system for subtracting the dark current; therefore, in further calculations, it is more
convenient to use the rate of rise of digital counts obtained from (6) by dividing by the
exposure time of the frame T,

/\[w

i oAV My (A, TIAGA ?)
)\sw

Vl(T) = TIKSaekijngD

which is proportional to the magnitude of the photocurrents I, generated by the photosen-
sitive elements of the matrix, and, consequently, to the brightness of the observed objects.
Since modern lenses have good spatial resolution, the effect of the spatial frequency transfer
characteristic of the lens can be ignored.

The program for processing the registered digital signals with the introduction of
the effective value of the thermal radiation coefficient ¢y forms a palette image of the
temperature field. The body temperature T is determined by comparing the rate of rise of
digital signals Vj; (7) divided by the effective thermal emissivity of the body ¢.¢ with the
calibration dependence F (T) (see Figure 3 [15]) obtained using a reference emitter—the
black body model. When using the value ¢4 = 1, the temperature of the partial radiation T
will be the result of measuring the temperature of real bodies.

V1 Calibration dependence
F(T)
Ve fm——m————————— ——
I | The value of the
recorded signal
v +’/ T,) at €05 = 0.5
/
/
)" |
y ¥ -

r, T, T
Figure 3. An approximate form of the calibration dependence F (T) (solid line) and the dependence

of the recorded signal value on the body surface temperature T} at an effective thermal radiation
coefficient e.¢ = 0.5 (dashed line).

To exclude the influence of the values of ¢ and the distance z from the main plane of
the lens of the thermograph to the body on the results of calculations of T, it is necessary to
use the corrected measured values of the slew rates of digital signals

CKC
ViT(T) = SEEV(T), ®)
where g¢, K; and g, K, are the values of the corresponding parameters when calibrating
the thermograph and during temperature measurements, respectively.

To reduce the measurement error of T, it is necessary to use the optimal for a given
range of measured temperatures T'min—Tmax spectral region of the thermal radiation reg-
istration. Its position on the wavelength axis A is selected from the condition of the need
to provide a sufficient signal-to-noise ratio at the maximum possible slope of the V (T)
dependence, which leads to the dependences shown in Figure 4 [11]. It follows from them
that, if it is necessary to measure temperatures T > 800 °C, the spectral range from 0.7 to
0.8 um should be used.
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Figure 4. Temperature dependences of the relative errors 0T for determining the true temperature
of bodies with thermal imagers of partial radiation, which use typical spectral ranges, at a relative
uncertainty of the value of ¢ equal to 0.1.

4. Determining Temperature When Using Multiple Spectral Regions

When the thermograph uses one part of the spectrum, the automatic determination of
the unknown effective coefficient of thermal radiation ¢.¢ is impossible, and to calculate
the correct value of the temperature T, you need to know its value.

Registration of thermal radiation in two parts of the spectrum makes it possible to
exclude the influence of only the emissivity of “gray” bodies on the results of determining
the temperature, since for an unambiguous solution the system of two equations must
contain only two unknown variables T and ¢ = const.

In the case of using three spectral regions, it becomes possible, when imposing an
additional condition on the behavior of ¢ (A), for example, a linear dependence € (A) = a + bA
with the obvious constraint 0 < ¢(A) < 1, to compose a system of three nonlinear equations
and find T when solving it [20]. This approach is applicable in a narrow wavelength range,
where the ¢ (A) dependence is well described by a linear, exponential, hyperbolic, or other
suitable dependence with two parameters.

A further increase in the number of spectral regions used requires registration of heat
fluxes with high accuracy [21], which is achievable only in laboratory conditions.

The capabilities of modern multispectral photodetector arrays for measuring T from
thermal radiation in several spectral regions are limited due to a noticeable overlap of
spectral characteristics. For example, the Imec corporation advertises hyperspectral pho-
todetector arrays that register radiation in 16 narrow areas in the 460-630 nm range [22].
However, their application in multispectral thermography is complicated by the presence
of residual radiation transmission of the used optical filters on the wings of their spectral
characteristics. Practical application in monitoring the temperature of bodies with an
unknown spectral coefficient of thermal radiation ¢ (A) can have simpler thermographs
that record thermal radiation in three spectral regions.

4.1. Determination of T Using Three Narrow Spectral Regions

When analyzing the capabilities of high-temperature thermography with registration
of thermal radiation in three narrow spectral regions with the wavelengths of centers A1, Ay
and Az, the Wien approximation can be used to simplify the calculated expressions. When
imposing restrictions on the behavior of € (A), the exponential dependence is used € (A) = ¢
(A2)-expl[-b-(A — Ap)] = ex-exp(-b-AA), where €5 = € (A) and AA =A — A,
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With a symmetric arrangement of A; and A3 relative to A, and the presence of cali-
bration dependences F; (T), the system of corresponding equations can be represented in
2 She 2/ (MT)=bAA — ¢ o= bAAF, (T),

the form
A(T) = 5
f(T) = ;12 e~/ (D) — ¢, By (T), 9)
Cl e —c2/(A3T)+bAAN EzebAAF3<T)

f3(T) =
Multiplying the first equation by the third and excluding b, and then ¢, one can obtain
a nonlinear equation for finding T:
3 ffs
&T) = - =0, 10
DB T RDAD) 1

Since the product f1f3 does not depend on b, the slope of the intersection of the abscissa
of the curve & (T) for the exponential dependence ¢ (A) depends only on the value of ¢;,
which is clearly seen from Figure 5 and confirms the analytical expression for the slope of

the change in the function & (T) in point T = Ty

d&(T) _ cz 2AA? 2 a1
dT T= Teal real )\1)\2)\3 2.
E)(T) T T T T T T
0.015+
It s =08
0.01F e =05 = i
./. T \'N,‘.
0.005 ! e 1
I ———=im—=—e L Ee—— P
/.// €2=02 | TTT———
ot 7 3
/
-0.005 il
/!
/|1
-0.01+ // ! 8
/ I
-0.015 . |
/ l
/ l
/ 1 | | i i T, °C
1150 1200 1250 1300 1350

-0.02 -
900 950 1000 1050 1100
Figure 5. Dependence of the change in the value & on temperature at different €5, Ay = 0.6, A, =0.75
Az = 0.9 um and the value of the true temperature T,,; = 1000 °C.
Using the expression for estimation the error in indirect measurements, one can find
the mean-root-square deviation of the quantity & from the relative errors in measuring the

fluxes &f1, 6f2, 6f3:

s (3o (5o ()

=3\ 82 1482 (1)
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transforming which, it is possible to obtain the dependence of the relative error in deter-
mining the temperature 6T on of:

_ Zreal AMAz2A3
8T = 2 2-AA? vessy 13)

When using wavelengths A; = 0.6, Ay = 0.75, and A3 = 0.9 pm, we obtain the transfer
coefficient of the relative error [21] when measuring a temperature of 1000 °C, equal to 1.95
or about 2. Then, at 5f, = 0.002, we obtain §T ~ 0.004. When narrowing the used spectral
region, i.e., at AA = 0.1 um, we obtain the transfer coefficient of the random component of
the error, equal to about 4.5, and 5T = 0.009 or about one percent.

Thus, the solution (10) of nonlinear Equation (9) with a sufficient distance AA between
the used narrow spectral regions of registration of thermal radiation makes it possible to
provide an acceptable error in determining the temperature T. In practice, materials for the
formation of narrow spectral characteristics of optical filters with high attenuation on the
wings, which could be applied on the surface of the photodetector matrix, are absent. The
use of RGB matrices when measuring T is ineffective since ¢ (A) of many materials in the
visible region has dependences far from exponential. Therefore, one should consider the
possibility of forming three parts of the spectrum, shifted in the NIR spectrum range when
using commercially available RGB photodetector matrices.

4.2. Formation of Three Spectrum Regions, Shifted in the NIR Range

Analysis of the spectral quantum efficiency 1.y (A) of digital single-chip color CMOS
matrices shows the possibility of forming three spectrum regions shifted in the NIR range
when using an external optical filter. For example, the MT9V034C12STC matrix with a
built-in 10-bit ADC has a good 1y (A) value in the NIR spectrum range (see Figure 6), since
it is also designed to work in low light at night. Since the freedom to choose the spectral
regions for registering thermal radiation for RGB matrices is limited, in addition to an
external optical filter, a combination of the received RGB signals must also be used.

A
0'5n( ) '
TN /2

041 Me(h) MR

Ns(A)
0.3/ ~\*

0.2

0.1 e

: K\ A, um

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Figure 6. Spectral quantum efficiencies of RGB elements of the matrix of silicon photodetectors
MT9V034C12STC and a 2-fold reduced transmission of the external band-pass optical filter T (7).

By using an external bandpass filter with the transmission of radiation in the NIR
range, where an increase in the transmission of G and B filters of the Bayer mosaic is
observed, and by calculating the difference between the signals formed by R and G by
the light-sensitive elements of the matrix, it is possible to form the resulting quantum
efficiencies ng(A) in three spectral regions. For example, using a bandpass filter with a
transmission in the 630-830 nm range and an MT9V034C12STC matrix, three dependences
1 (A) can be formed, which are indicated in Figure 7 as 1st, 2nd, and 3rd sections. They
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completely overlap, but their effective wavelengths differ from each other, which makes
it possible to use them to determine the temperature T, the effective value of the thermal
emissivity e.p, and the conditional temperatures of partial radiation Ty in the formed
spectral regions.

30 g S
@ t(1)/2
04r .
region
03 [ g 3I'd
: Nrecr(A) regior
0.2 15t
region
01t :
0 ;

0.55 0.6 0.65 0.7 0.75 0.8 0.85 7\., pm

Figure 7. Resulting spectral quantum efficiencies in three spectral regions, formed using an external
bandpass filter and a combination of recorded signals.

It should be understood that due to the small separation of the effective wavelengths
of these sections, high accuracy of measurements of heat fluxes and the imposition of
additional restrictions on the behavior of ¢ (A) will be required in order to form a stable
method for determining the temperature T. To ensure the required accuracy;, it is necessary
to take into account possible deviations of the calibration dependences from theoretically
calculated. It will also be necessary to take into account the dependence of the statistical
parameters of the noise of the photodetector channel of the three-spectral thermograph on
the value of the incident fluxes of thermal radiation.

4.3. Temperature Determination Method

Proceeding similarly to the approach (9) already considered above, using narrow
spectral regions, it is possible to compose a system of three nonlinear equations. The use of
the exponential dependence € (A) = e3-exp [b (A — Ay)] allows one to correctly describe the
behavior ¢ (A) of many bodies in a limited spectral region. For small values of the product
b(A — Az) < 0.05, which is the case for many structural materials in practice, the exponential
expression can be simplified by expanding the exponent in a power series and discarding
terms with powers greater than unity, which gives ¢ (A) = e + b (A — A;). Then, assuming
that ¢ = 1 and k;; = 1 and taking into account (7), we can compose the following system
of equations

Alw
Vrr-cr(T) = TZKSaekQD{;fC J Tof(AMRe-gr(A)[e2 + b(A — A2)]M(A, T)MU\}/

sw

SW

)\'ZU
VRe(T) = 11Ksaekgp | 7= fl Tof (AMRe(A)[e2 + b(A — A2)|M(A, T)MM}/ (14)

A
VBF(T) = TleaekQD }% f Tof(/\)T]BF(A)[Ez + b()\ - Az)]M()\, T)Ad)\},

SW

where M (A, T) is the spectral density of the surface luminosity of an absolutely black body
described by the corresponding Planck’s formula.
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After integration, (14) can be represented in a more convenient form for further calculations

VRe(T) = e2Fre(T) + bgre(T) = [e2 + bugp(T)] Fre(T), (15)

{ VRr-GF(T) = e2Frr—GF(T) + bgre—Gr(T) = [e2 + bugp_gr(T)|Fre—cr(T),
VBe(T) = eaFpr(T) + bapr(T) = [e2 + bugp(T)]Fsr(T),

where Frr.gr (T), Frr (T), and Fpp(T) correspond to the calibration dependences of the
thermograph, which are determined experimentally using the black body model, grr.gr
(T), qre(T), and gpp (T) are the integrals obtained by calculation and determining the
dependences of these integrals on the temperature at a unit value of the coefficient b of the
used dependence ¢ (A) in the corresponding spectral region, and the dependences Lrp.Gr
(T), prr (T), and ppp (T) are integrals grr.gr (T), qrr (T), and gpp (T), normalized to the
corresponding calibration dependences.

Due to the overlap of the used spectral regions and the inevitable spread of the
recorded values of Vrp-gr, Vrp, and Vpp due to the presence of noise, the numerical
solution of system (15) gives an unacceptable spread of the obtained values of T. To obtain
a more stable solution, an additional constraint on the behavior ¢ (A) in the form of a
functional connection b = y-p (e;) between the slope coefficient b of the spectral dependence
¢ (A) of the controlled surface, the value of the coefficient y and the value of ¢, in the form
of a polynomial of the second degree with given values of the coefficients p,, p1, and po.
The feasibility of introducing this functional bond is due to an increase in the values of ¢ (A)
when the controlled surface is heated, which occurs due to its oxidation with atmospheric
oxygen. As an example, Figure 8 shows the dependences ¢ (A) of clean (black lines) and
oxidized (gray lines) steel surface. Oxidation of the surface leads to a decrease in the slope
coefficient b from the maximum possible value to close to zero.
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— 1200 °C

M
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850 °C .
1000°C 550 o0
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Figure 8. Changes in the ¢ (A) dependence of pure iron when it is heated in vacuum [18] (black lines)
and during gradual oxidation with atmospheric oxygen (gray lines).

Several sets of coefficients py, p1, and pg of the used polynomial can be proposed. For
example, when describing the relationship between the values of b and ¢, for bodies with
possible ranges of variation of the thermal radiation coefficient 0.05 < €5 < 1, one can use a
power polynomial in the form

80 , 8 72
p— —_— 1
b 7( %1Q+3aff+&ﬂ>’ (16)

which describes a smooth decrease in the absolute value of |b| with an increase in ¢; in
the process of surface oxidation with atmospheric oxygen. The corresponding graphical
dependencies are shown in Figure 9. The curves in the lower half-plane, where y < 0,
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refer to metals, and in the upper, to dielectrics. Since the spectral dependences of the
thermal radiation coefficients of most structural materials are known [23], the value of y
is calculated in advance from the value of b and ¢, of pure unoxidized material, which
provides an adequate calculation of b when the value of ¢, changes during oxidation with
atmospheric oxygen. For tungsten, the value of v is y = —1.07, and for ferrous metals,
v = —0.5. Comparing Figures 8 and 9, it can be seen that the slope coefficient b during steel
oxidation tends to zero as €, grows.

b,1/ um

0.3

02F .

| I i I ! 1 &

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 9. Family of dependences b (y, €2) when using expression (16) and changing v in the range
1

from minus 1.4 to 1.4 um ! with a step of 0.35 um™".

The use of dependence (16), i.e., the involvement of a priori information on the possible
behavior ¢ (A) of the surface of the controlled body, allows one to significantly reduce the
requirements for the accuracy of measuring heat fluxes and to use overlapping spectral
regions in determining the temperature T. It should be noted that an increase in the distance
between the used spectrum regions, on the one hand, reduces the requirements for the
magnitude of measurement errors, but, on the other hand, due to the deviation of the
behavior € (A) of bodies in the visible region from the linear law leads to violation of
the condition ¢ (A) = e5 + b (A — Ay), which, in turn, leads to an increase in the error in
determining T. This is the main reason that prevents the effective use of the R, G, and B
regions of the visible spectrum in high-temperature thermography:.

When using (16) and smoothing Vrr.gr (T), Vrr, and Vpp using a median digital filter
that suppresses impulse emissions of defective elements of the used photodetector matrix,
the system of Equation (15) takes the form

Vre—Ge(T)/Fre—Gr(T) = €2+ 7(— 55 ¢3 + 5762 + 25 ) urr_cr(T),
Vre(T)/Fre(T) = &2 + v (— 25 €3 + 5760 + 24 ) ugre(T), (17)
Ver(T)/Fp(T) = eo + v (— 25 €3 + sore0 + 2% ) upr(T).

Subtracting the first equation from the third equation of system (16), we can obtain a
quadratic equation for finding the dependence of ¢; on the estimate of the temperature T *:

361 Vpr/ Fer(T*) — Vre-Gr/ Fre—Gr(T")

2 * *
eo(T*) —0,1e0(T") — 0,9 +
(") 2(T7) 80 Yuge(T*) — prp—ce(T*)]

=0. (18
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Choosing a positive solution to this equation,

1 Vir/ Fer(T*) — Vre—Gr/ Frr—gr(T*
52—0.05+\/0.9025—36 oe/ e (T°) — Vie—Ge/ Fre—Ge(T)

80 YIpge(T*) — wrE—Gr(T™)] 1)

and substituting it into the second equation of system (17), we obtain a nonlinear equation
for finding the desired temperature value

80 , 8 72 VRE
361 2T + 3g722(T7) + 37 | wre(T7) Fre(T7)

£(T) = ex(T") 4 7 - —0. @)

The disadvantage of the obtained solution is the uncertainty of the calculated values
of ¢, at values of y close to zero. To eliminate it for small values of v, one can use the
smallness of the product bugyp (T*) in comparison with the value of e, (T*). This makes it
possible to approximate the dependence ¢, (T*) as a ratio Vgrg/Fre(T*) or, more precisely,
Vre/Fre(T*) — by (T*), which makes it possible to obtain an approximate expression for
the dependence b (T")

72 J—
, 80 Vi 8 Vi T2
B(T*) ~ 7] — oo 5 2\ 21
() 7{ 361 E2.(T") ' 361 Fp(T") 361 @

Substituting (21) into the first and second equations of system (17) and forming their
difference, we obtain the resulting equation for determining T

Vrr-Gr/ Fre—Gr(T*) — Vpp/Fep(T*) + b(T*) [upr(T*) — urr_cpr(T*)] = 0. (22)

To linearize Equation (15), we can multiply it by the ratio Vrg/ Frp(T*), which greatly
simplifies the search for a numerical solution T:

E(T*) = Ve { VRE-GF B Vg
Fre(T*) | Fe—cr(T*)  Fr(T*
Examples of the calculated dependences urp.gr (T), urr (T), and ppp (T) for the spectral

regions are shown in Figure 7, and illustrations of the numerical solution of the nonlinear
equation using (23) are shown in Figures 10 and 11.

) +b(T*) [ugr(T") — HRFGF(T*>]} =0. (23)

M(T)/ “’m T T T T T
uer(T) uer(T) — prr-cr(T)
eI

0.06 |

0.04 - T

0.02

_002 1 1 1 1 1 1
600 800 1000 1200 1400 1600 1800 T, °C

Figure 10. Calculated temperature dependences of the coefficients urr.gr (T), urr (T), upr (T), and
upr (T) — uRrp-gr (T) for the spectral quantum efficiencies shown in Figure 7.



Sensors 2022, 22, 742

14 of 26

T ' | |
3t |
2| |
1 b= &2(T%) : |
il \  7=2019°C
L e -
Trmi.n I Tsr13
¥
A+ | d
T 2016°C:
_2 I 1 l I L | 1
1800 1900 2000 2100 2200 2300 T*,°C

Figure 11. Illustration of the process of finding a solution to Equation (22) when determining the
temperature of the region of maximum heating of the tungsten tape of the standard incandescent
lamp SI10-300.

In the numerical solution of Equation (19) or (22), the range in which the solution
is sought is set, i.e., the estimate of the temperature T*. As can be clearly seen from the
illustration of the process of finding a solution shown in Figure 9, the low-temperature limit
of this range is determined by the minimum of the three temperatures of partial radiation
T+ min, recorded by the thermograph. The high-temperature limit for metals (y < 0) is
determined by the temperature of the spectral ratio for the first and third spectral regions
Tsr13, which is calculated by the thermograph when solving the equations. For dielectrics
(v > 0), the Ts;13 value is usually less than the true surface temperature, so for them, the
high-temperature boundary is chosen equal to 1.15-Tg;13.

Figure 11 shows an illustration of the process of finding a solution to Equation (22)
using signals recorded by a three-spectral thermograph based on an MT9V034C12STC
array of photodetectors. The spectral regions in which the thermograph records the thermal
radiation correspond to those shown in Figure 7. The thermograph was calibrated according
to the emission of the Mikron M390 black body model. The relative error in measuring T
was 0.5% of the measured value T. This makes it possible to measure the temperature of
bodies with a known value of ¢4 with a relative error of about 0.5%. When measuring the
temperature of the tungsten tape of the standard incandescent lamp SI10-300 in advance
for the second spectral region used by the thermograph, the dependence of the effective
thermal radiation coefficient of tungsten ¢, (T) was calculated taking into account the
transmission of the quartz window of this lamp. By introducing the obtained value of ¢
(Ty) into the thermograph and adjusting the current through the tungsten tape of the lamp,
we achieved that the temperature of the tungsten tape in the region of its maximum heating
corresponded to Ty,. For the case shown in Figure 11, the T}, value measured in the second
spectral region was 2019 °C.

The measured signals Vrp-gp, Vrr, and Vpp, due to the presence of noise and the
deviation of the thermograph characteristics from the calculated values, have fluctuations,
which lead to a scatter of the obtained values of the measured temperature T",, when
solving Equation (22). For the example shown in Figure 11, the obtained estimate of T ,
when using the value y = —1.07 pum ™! turned out to be approximately 3 °C lower than T
The root-mean-square deviation of the temperature estimation of the most heated region



Sensors 2022, 22, 742

15 of 26

of the tungsten tape during the averaging was about 1.5% of the measured value T. The
dashed line in Figure 11 shows how the value of £;(T*) changes in the process of finding
a solution.

The error in determining the temperature in the described way is also affected by the
error in setting the value of the coefficient y. The performed modeling shows that, for
metals, the relative errors in determining the true temperature AT /T with deviations of
the used value y* from its true value y by £40% in practice, as shown in Figure 12, do not
exceed 0.015. This is due to the weak influence of the slope coefficient b of the spectral
dependence ¢ (A) on the obtained values of ¢,4. Such errors are permissible when solving
the overwhelming majority of practical problems of contactless temperature measurement
of various heat engineering processes.

AT/T = w w ,
0.07 [

T=1650°C
0.06 |

0.05 1
T=1250°C
0.04
0.03 ¢

0.02

T=2850°C
0.01}

0

-0.01

-0.02 5 . 5 : »
1 -0.5 5 1 y*—y, um

Figure 12. The results of evaluating the relative error in determining the temperature when the used
value v* deviates from its true value vy.

The described method for determining the temperature with an unknown coefficient of
thermal emissivity makes it possible to determine e.g = M(Tr2)/ M(T" ;) from the obtained
values of Typ and T .. Using the obtained value of €eff2, ONe can switch to the usual mode of
temperature measurement taking into account g, which reduces the variation in readings.
As follows from the dependencies shown in Figure 4, the relative error in determining the
temperature in the range from 0.7 to 0.8 um will be an order of magnitude smaller than
the relative error in determining .. This indicates the possibility of using three-spectral
thermographs when setting up and periodically monitoring complex high-temperature
technological processes. However, in order to reduce the error in determining ¢, it is
necessary to use algorithms for averaging the recorded fields of thermal radiation, both in
time and over the region of maximum heating.

5. Tehnique of Averaging Signals over the Area of Maximum Heating

An unpleasant feature of MT9V034C12S5TC CMOS sensors with a global exposure
mode is a rapid increase in the root mean square deviation of the total noise at high thermal
radiation fluxes and, accordingly, small frame exposure times t,, which is illustrated in
Figure 13. At high fluxes, dots begin to appear on the resulting image, the brightness of
which is noticeably different from the brightness of neighboring pixels. Moreover, their
number increases with decreasing t.. Matrix elements corresponding to these points are
usually called “faulty”, since an increase in the currents generated by them is caused by
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the presence of defects in the structures of the insulator and the corresponding keys of
the multiplexer. Therefore, manufacturers of high-temperature thermographs based on
CMOS structures divide the range of measured temperatures into a number of subranges
that differ in different values of the lens aperture D/f;. Partially fluctuating emissions
of defective elements are excluded by median filtration. However, if it is necessary to
control the heat engineering processes simultaneously in one wide temperature range, it
is necessary to take into account the influence of the nonstationarity of the matrix noise
and carefully take into account the existing deviations of the real characteristics of the
thermograph from the calculated ones.
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Figure 13. Dependences of the RMS of the total noise of the elements of the MT9V034C12STC matrix
of the thermograph camera in ADC readings on the value of the recorded signals Vi in the first,
second, and third spectral regions at the focal length of the lens f; = 50 mm and the ratio D/f; = 1/16.

5.1. Ensuring the Invariance of the Measured Values of the Maximum Temperature Tyax to the
Image Size and the Nonstationarity of the Matrix Noise

In high-temperature thermography, the sizes of objects whose temperature must be
controlled can be varied, and the temperature distribution over their surface is almost
always inhomogeneous. In the process of heating objects, their temperature field can change
quite quickly. Therefore, it is practically impossible to conduct a visual assessment of the
temperature values from the image of the obtained temperature field. We have to implement
the function of determining the maximum body temperature Trax into the software of high-
temperature thermographs. The algorithms used in it must ensure that the above principles
are followed to increase the reliability of temperature measurements. In particular, they
must ensure the invariance of the results of determining the maximum temperature Tmax
to a change in the size of the image of the monitored bodies and the nonstationarity of the
noise dispersion of the used photodetector matrix, i.e., the dependence of its noise on the
value of the incident thermal radiation flux.

Neglect of these principles, when observing a sequence of frames, leads to a scatter of
the obtained Trmax readings and an abrupt displacement of the point with the maximum
temperature value over the zone of greatest heating of the generated temperature field. The
reason for this phenomenon is due to the statistics of the number of registered photons,
which obeys the Poisson distribution, the intrinsic noise of the thermograph chamber, and
fluctuations in the temperature of the surface of the heated body. Fluctuations in surface
temperature are caused by its interaction with colder convection air currents, which are
formed due to the temperature difference between the heated body and the air temperature.
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The presence of inhomogeneity of heating leads to distortion of the high-temperature
mode of the histogram of the thermal image, which is illustrated in Figure 14. Even the
radiating cavity of black body models can have a temperature gradient of several degrees,
which distorts the corresponding histogram, as shown in Figure 15. The discreteness of the
obtained digital images and the presence of fluctuations require averaging the obtained
readings, which are used to calculate the maximum temperature. This raises the problem
of optimal selection of image elements or pixels involved in averaging.
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Figure 14. Examples of thermal images with uniform (a) and non-uniform (b) temperature distribu-
tion over the surface and their corresponding histograms (c,d).

0
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Figure 15. The image of the output diaphragm of the M390 black body model recorded by the
thermograph in the second spectral region at a temperature of its radiating core of 800 °C and an
exposure time of 130 ms, as well as an image of its central zone with a range of D, signals from 760 to
820 ADC counts and the corresponding histogram approximated using normal distribution.
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As seen in Figure 14d, when determining the maximum temperature Tmay, it is neces-
sary to calculate the averaged values of digital readings Dy (Timax) on the high-temperature
slopes of the right wing of the thermal image histograms in the used spectral regions. The
determination technique of Dy (Timax) can be based on the existing relationship between
the average values of the recorded signals and their variance

— =2
G%Dk ~ 8kQD€Dk + Dkﬁi + gzﬁémd, (24)

where the first term of the sum describes the variance of the radiation and shot noises, the
second describes the geometric noises (caused by the inhomogeneity of the sensitivity of
the matrix elements) with O'% variance, and the third describes the noises of the readout unit
of the matrix with variance (TZDr eaq- EXpression (24) determines the algorithm for choosing
the required averaging interval.

5.2. Method for Obtaining Averaged Values Vy on the High-Temperature Slope of Histograms

Since the Poisson distribution used to describe radiation and shot noises is close to the
normal distribution with a sufficiently large number of registered photons, the averaging

interval can be chosen to be equal to 60y, (VZ) in the determination of V. Additionally,

the algorithm should include a method for clearing the histograms y (1) = Hy[xjx(n)]
from single outliers on its right wing, taking into account the dependence oy, (V).

Taking into account the described factors, the method of determination VZ consists of
the following sequence of actions:

(1) After receiving the frame, histograms are calculated for all three of its layers
Ynk(n) = Hy[xpr(n)] with the width of pockets or bins equal to one or one level of the
ADC conversion range.

(2) Carry out operations to clean the high-temperature sections of the histograms from sin-
gle noise emissions, assessing the probability of their occurrence, taking into account
the current values of the standard deviation equal to oy, [Vkmax — 302Dk(vkmax>]'
This ensures the correct position on the histogram of the averaging intervals with
width 60y, (Vimax), Where Vimax are the rightmost points of the histograms af-
ter clearing.

(38) Determine the left boundaries of the areas of integration of the histograms
Xthlk = Xhkmax — 60—):,Dk(vkmax)-

(4) Calculate the dependences of two sums: the dependence of the area of the histogram

n=x n=x
section Sgi(n) = Zthl yp(n) and the sum Sy (n) = ZW x(n)yy(n) on the current

n

N=Xthh =Xthh
number 7 of the histogram bins. Moreover, they are summed from right to left, which

starts from the maximum values of n. These dependences correspond to the integrals
F(x) = [ W(x)dx and X(x) = [ x- W(x)dx, where W(x) is the normal distribution.
X X

(5) Normalize dependencies S,y (n) by dividing them by Sgx(n), which corresponds

[eo]

to the relationship X(x)/F(x) = [x-W(x)dx/ [ W(x)dx. As seen in Figure 16, the
X

X
values of the elements of the series Sy (n)/Sp(n) gradually decrease to the desired
average value D when the point x moves from the maximum value D to the left, since

the value of the integral is in the denominator of the ratio [ W(x)dx ~ 1. When
D—-3o0ysp
moving to the left, the ratio Sy (n)/Sp(n) has a small steepness, determined by the
value of o, which makes it possible to obtain a slightly biased estimate D with a small
number of pixels involved in averaging.
(6) Find an estimate of the mean values V; = Dy, /., where D; is determined by enu-
merating the values of the dependencies S,y (1)/Spx (1) and Sywi(n) starting from
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the maximum value of n to their intersection. The value S,y (1) /Sgr(n;) is taken as
the estimate D;, where n; = xy,;.
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Figure 16. Histograms H (D) and the dependence of the estimation results D" on the values of the
bin H (D) at k; = kj, = 3 for different numbers of image pixels involved in averaging (N = 10* (a) and
N =16 (b)) at D = 300 and o = 10, where k; = |(Dy; — D) /0|, and kj, = (Dyy, — D) / 0.

5.3. Example Ilustrating Obtaining Vy, for Small Objects with Uneven Heating

Examples of the estimates Dy obtained in three spectral regions when controlling
the temperature of the tungsten filament of a spiral lighting lamp are shown in Figure 17.
The thermal image of the spiral of this lighting lamp in the second spectral region when
viewed from the side is shown in the inset of Figure 17a. Uneven heating of the surface
leads to stretching of the histograms towards lower signal values, which is illustrated by
the dependencies in Figure 14d. In contrast to the dependencies shown in Figure 16, with
uneven heating, the sum S, (1) after crossing the dependence S,y (1)/Sp(n) continues
to increase, as shown in Figure 17b. However, the estimated value 5; at the point of
intersection of the dependencies changes only slightly due to the low steepness of the ratio
Syw(n)/Sg(n). The described method for determining the average value of digital signals
V} on the right slope of the histogram was specially developed to obtain stable readings
of the maximum temperature Trax when inspecting bodies with uneven heating. Only
18 brightest pixels fall into the averaging interval in the second part of the spectrum. It is
clearly seen that the shape of the high-temperature sections of the histograms has a random
form with the presence of gaps between their bins or pockets.
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Figure 17. Histograms of counts distribution during registration of heat fluxes generated by a lighting
lamp (under conditions z = 90 cm and T, = 1100 °C) for 1, 2, and 3 spectral regions (a) and illustration
of the process of determining the average value of digital signals Dy (b), as well as the dependence of
the resulting estimates Dy on the frame number Nj (c).

The estimation of the current variance can be carried out by calculating the second
moment of the distribution W (x), similarly to calculating the average value. Verification
of the effectiveness of using this approach for evaluation oy, (Vi) showed that it leads
to underestimated values in comparison with the dependences obtained in the course of
calibration, shown in Figure 13. Therefore, the Gaussian approximations of the resulting
histograms shown in Figure 17a, with lighter curves with dots, become narrower due
to the limited sample, which increases the scatter of the determined values Dy. The
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use of dependencies in the calculation algorithm predetermined when calibrating the
thermograph oy, (Vi) makes it possible to reduce the scatter of the estimate Dy, which
is well illustrated in Figure 17c. Figure 17b illustrates the process of automatic search for
an estimate Dy, at the intersection of the dependencies Sy (1) /Spr () and Sy (). The
root-mean-square deviation o, of the obtained estimates is small and ranges from two to
four ADC readings, which ensures the stability of the calculated values of the maximum
temperature of partial radiation Tymax even with small sizes of the thermal image of an
object with uneven heating.

6. Correction of the Deviation of the Real Characteristics of the Photodetector Array
from the Calculated Ones

As shown above, algorithms for determining the temperature T in high-temperature
thermography with an uncertainty in the value of the thermal emissivity must contain an
option for calculating T and e.g. It is based on solving a system of three nonlinear Equation
(14) with the imposition of additional conditions on the behavior of the spectral coefficient
of thermal radiation ¢ (A). In the final expressions for calculating T and ¢, three estimates

V. of the recorded values are used, averaged over the brightest areas of the thermal image
of the object. Usually, in these areas, the thermal conductivity is the best, that is, the surface
is the least oxidized. Additionally, two more groups of previously obtained temperature
dependences are used. The first of them is the calibration dependences F; (T) = Frr.gr (1),
F, (T) = Frp (T), and F3 (T) = Fpp (T), which are determined during calibration according to
the black body model. The second group is the calculated temperature dependences u,(T)
= pgr (T) and p3(T) — p1(T) = ppr (T) — pre-Gr (T).

With knowledge of the spectral quantum efficiencies of the photosensitive elements
of the matrix 1y (¢) and taking into account the parameters of the calibration scheme, the
calculated or hypothetical dependences Fj; (T) and the calibration dependences Fy (T)
determined experimentally during calibration should coincide. However, the inevitable
deviations 1 (A) of the elements of photodetectors matrices, lens parameters, and trans-
mission coefficients T, (A) of optical filters during their manufacture from the averaged
characteristics given in the documentation lead to differences in real dependences from
those calculated. This is the basis for calibrating thermographs using standard emitters.

If it is necessary to measure T in one wide range of measured temperatures, it is
necessary to take into account the deviations of the real characteristics of the photodetector
array from the calculated ones. Comparison of the calibration dependences Fy, (T), obtained
during the calibration according to the black body model M390, with the calculated ones
Fyx (T) shows that the values of Fy (T) at high temperatures exceed the calculated values.
The dependencies in Figure 18, obtained in the temperature range from 800 to 1700 °C with
a discreteness of 100 °C, clearly demonstrate that, at high temperatures, i.e., at low frame ex-
posure times T, a noticeable nonlinearity of the light characteristic of the MT9V034C12S5TC
matrix in the global exposure mode appears. It is difficult to identify the reasons for this
nonlinearity, since the technical documentation does not contain information about the
used scheme for accumulating and reading signals generated by photodiodes. Only the
dynamic range of illumination change is given, which is more than 55 dB in linear mode.
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Figure 18. Experimental Fy (T) (solid lines) and corrected calculated Fy (T) (dashed lines) calibration
curves for a three-spectral thermograph sample based on the MT9V034C12STC matrix (a), as well as
relative deviations of the experimental dependences from the calculated ones (b).

This behavior of the calibration curves does not cause problems in determining the
temperatures of partial radiation T\, by comparing the measured values of the rise rates of
digital readings V with the calibration curves (see Figure 3). However, when calculating
the temperature of the spectral ratio Tsy13, the true temperature and the effective coefficient
of thermal radiation e, the nonlinearity of the light characteristic can lead to ambiguity
of solutions. The foregoing is well illustrated by the temperature dependence of the ratio
Fy (T)/F3 (T) for the available sample of the thermograph, shown in Figure 19. If the
calculated ratios Fj,; (T)/Fy3 (T) are increased monotonically with increasing temperature,
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then a maximum is observed for the ratios of the obtained calibration curves F; (T)/F3 (T),
after which this ratio decreases. Obviously, starting from some values of T, it will not be
possible to unambiguously determine the temperature of the spectral ratio Ts;13 from the
obtained relation. Similarly, corresponding distortions can arise when solving the system
of nonlinear equations used to determine T.
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Figure 19. The temperature dependence of the Fy (T)/F3 (T) ratio obtained by calibrating the
available thermograph sample (solid line) and the calculated Fy; (T)/Fj3 (T) (dashed line), as well as
an illustration of the process of their use in determining the temperature of the spectral ratio Tsy13 of
a tungsten tape of a standard incandescent lamp SI10-300 at a temperature of partial radiation of its
most heated section T, = 1206 °C.

In the case of nonlinearity of the light characteristic, it is necessary to use the correction
of the registered calibration dependences Fj (T) and measured values when activating
the option for calculating eqg and the true temperature T, as well as the temperature
of the spectral ratio Tsq3. This simple correction consists of modifying the obtained
discrete calibration dependences Fy (Ty,) by multiplying by discrete values of the correcting
functions kgy (Ty,),

Fck(Tm) = kPk(Tm)Fk(Tm)f (25)

the values of which are determined after calibrating the thermograph chamber according
to the black body model.

The method for calculating kg (Ty,) is as follows. First, the calculated dependences Fj
(T'n) are combined with the experimental ones Fy (T,) at the calibration point T, where the
light characteristic of the matrix is almost linear. For example, for the MT9V034C12STC
matrix, this point, as follows from Figure 18b, corresponds to the temperature of the radiat-
ing core of the black body model 1000 °C. Then, the initial values of the one-dimensional
array of the discrete correcting function kgyg (T;) will be equal to the ratio Fy (To)/Fpx (To).
This operation is allowable, since in nonlinear Equations (20) and (23), only the ratio s VZ
(T*)/ Fy (T*) are used. The method for calculating kr ¢ (T}) is as follows.

Changes in the values of the experimental calibration dependences Fy, (T;;) are mainly
caused by the inaccuracy of setting the lens f-number, which leads to a deviation of the
actual D/f; ratio from the value used in theoretical calculations. These ratios, even for
lenses of the same series, slightly differs from each other, which leads to a parallel shift
of the experimental calibration dependences Fj (T};) up or down due to small differences
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in the coefficient K (3). In some cases, small shifts of the calibration dependences Fy (T};)
relative to each other are observed, which is associated with insignificant displacements
of the microlens arrays relative to the photosensitive elements of CMOS matrices at the
production stage.

Further, for the calibration points located to the right of Ty, i.e., for T}, > T, new values
of the correcting function are calculated

kpi(To) = kaO(g("?TZz;(Tm),

(26)

and for points with T}, < Ty, the old values of krig (T;) remain. In this case, we obtain an
array of values of the correcting function kg (T;), for which the first values at T, < T are
equal to Fy (To)/Fpx (To), and the rest are additionally multiplied by the ratios Fy (Ti:)/Fx
(Ty). The corrected calibration curves F (T),;) are close to the calculated ones Fj (Ty,).

Correction of the obtained values V is somewhat more complicated, since it is neces-
sary to take into account the weakening of heat fluxes due to the influence of the thermal
radiation coefficient, which for real bodies is less than unity.

When using the simplified method, it is advisable to pre-form the arrays of differences
AF g (Ty) = Fx (Tw) — Fue (T). Then, the correction of the recorded values of VZ Vi can
be carried out using the spline interpolation log [V (T )] between the calibration points
logy [Fi(T))] with further subtraction of the value of the interpolated difference AF . (Tyx)
multiplied by the used effective thermal radiation coefficient

Ver(To) = Vi = eepebFor(T), 27)
where T,x—calculated from the registered values Vy, of the temperature of partial radiation.

7. Discussion

The development of modern technologies for the production of complex products leads
to the creation of new methods for their control. These methods and the corresponding
equipment should provide the necessary reliability of control and ease of use. Non-contact
measurement of high temperatures has features associated with a change in the coefficient
of thermal radiation of the monitored objects during their heating and fluctuations of the
recorded heat fluxes [8-10,24,25]. These fluctuations are caused by changes in the surface
temperature of the controlled objects due to the effect of convection air flows, as well as the
statistical nature of the emission of photons from the heated surface. Further development
of high-temperature thermography requires the introduction of algorithms that allow one
to take into account the influence of the unknown thermal radiation coefficient ¢ and the
noted fluctuations of the recorded heat fluxes.

Currently used high-temperature thermographs use monochrome photodetector ar-
rays and registration of thermal radiation in one part of the spectrum. They are used to
control processes with consistently repeating parameters. This makes it possible, in the
absence of information about the value of the thermal emissivity of the monitored objects,
to use only the conditional temperature, i.e., the temperature of partial radiation T;. In this
case, temperature deviations of technological processes are monitored by the deviation of
T, from the specified limits of the range of permissible values.

If it is necessary to measure the temperature close to the true temperature during
the adjustment of the thermal process, it is necessary to use methods and thermographic
equipment that take into account the influence of the unknown coefficient of thermal
radiation and the inevitable presence of fluctuations in the intensity of the recorded fluxes
of thermal radiation. The methods used in LWIR thermal imaging to reduce the influence
of ¢ and environmental radiation are not applicable in high temperature thermography.
Therefore, researchers from different countries show interest in multispectral thermography
and create appropriate laboratory samples [10-13]. Numerical modeling and practical
testing of multispectral thermography methods convince that to solve practical problems of
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monitoring thermal processes, it is sufficient to use the registration of thermal in three parts
of the spectrum. Although in difficult cases, for example, when monitoring laser hardening
or welding processes, it is possible to use methods based on processing the spectrum of
thermal radiation formed in the area of exposure to a laser beam [26].

In the most demanded temperature range from 800 to 1600 °C, typical for technological
processes of heat treatment of ferrous metals, thermographs based on RGB photodetectors
matrices can be used to register thermal radiation at the junction of the visible and NIR
spectral ranges. The use of an external bandpass filter and a combination of signals
generated by an RGB matrix makes it possible to register thermal radiation simultaneously
in three overlapping spectral regions. To increase the stability of the solution of a system of
three nonlinear equations, it is possible to use a priori information about the value of the
slope b of the dependence ¢ (A) of the clean unoxidized surface of the processed materials,
which can be found in reference books. To take into account the oxidation of the surface
by atmospheric oxygen when heated to high temperatures, one can use the relationship
between the values of b and ¢, since during oxidation, € increases, and b falls almost to zero.

The existing inhomogeneity of the heating of bodies and the dynamic change in the
image of the temperature field formed by the thermograph necessitates the introduction of
the option for calculating the maximum temperature Tmax into the algorithms. Moreover,
the algorithms for calculating Tmax should ensure the invariance of the determined values
of the maximum temperature to the size of the image of the monitored bodies and take into
account the variance of fluctuations of the recorded signals.

If it is necessary to form a wide range of measured temperatures, it is necessary to take
into account the nonlinearity of the light characteristics of the photodetector matrix and the
dependence of the dispersion of its noise on the intensity of the recorded heat fluxes, using
the proposed methods for correcting the calibration dependences and recorded signals.

Compliance with the basic principles of reducing the uncertainty of temperature
measurement and the introduction of the proposed solutions into the algorithms of op-
eration allows creating, on the basis of modern RGB matrices of silicon photodetectors,
rather cheap thermographic equipment for setting up and subsequent control of complex
thermal processes.

Author Contributions: Conceptualization: V.F,; Methodology: V.F. and W.W.,; Software: V.F. and A.S,;
Formal Analysis: V.E, 1.S. and B.Y.; Writing—Original Draft Preparation: V.F.,, WW.; Writing—Review
& Editing: A.S.; Visualization: V.E, LS., B.Y. and A.S.; Supervision: V.F. and W.W. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Vavilov, V,; Burleigh, D. Infrared Thermography and Thermal Nondestructive Testing; Springer International Publishing: New York,
NY, USA, 2020.

2. Vollmer, M. Infrared Thermal Imaging: Fundamentals, Research and Applications, 2nd ed.; Wiley: Hoboken, NJ, USA, 2018.

3. Firago, V.A. Correction of signals in a microbolometric array raising the validity of the measuring object’s temperature. Part 1. J.
Eng. Phys. Thermophys. 2021, 94, 272-285. [CrossRef]

4. Ruddock, R.W. Basic Infrared Thermography Principles, 1st ed.; Reliabilityweb.com Press: Fort Myers, FL, USA, 2010.

5. Saadlaoui, Y,; Sijobert, J.; Doubenskaia, M.; Bertrand, P.; Feulvarch, E.; Bergheau, ].-M. Experimental Study of Thermomechanical
Processes: Laser Welding and Melting of a Powder Bed. Crystals 2020, 10, 246. [CrossRef]

6. Altenburg, S.J.; Strafe, A.; Gumenyuk, A.; Maierhofer, C. In-situ monitoring of a laser metal deposition (LMD) process:
Comparison of MWIR, SWIR and high-speed NIR thermography. Quant. InfraRed Thermogr. ]. 2020, 1-18. [CrossRef]

7. Yadav, P; Rigo, O.; Arvieu, C.; Le Guen, E.; Lacoste, E. In Situ Monitoring Systems of The SLM Process: On the Need to Develop

Machine Learning Models for Data Processing. Crystals 2020, 10, 524. [CrossRef]


http://doi.org/10.1007/s10891-021-02300-1
http://doi.org/10.3390/cryst10040246
http://doi.org/10.1080/17686733.2020.1829889
http://doi.org/10.3390/cryst10060524

Sensors 2022, 22,742 26 of 26

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.
24.

25.
26.

Advanced Energy. Understanding Two-Color (Ratio) Pyrometer Accuracy; Technical Note; Advanced Energy: Denver, CO, USA, 2020.
Rockett, T.; Boone, N.; Richards, R.; Willmott, J.R. Thermal imaging metrology using high dynamic range near-infrared
photovoltaic-mode camera. Sensors 2021, 21, 6151. [CrossRef] [PubMed]

Firago, V.; Wojcik, W. High-temperature three-colour thermal imager. Przeglad Elektrotech. 2015, 91, 208-214. [CrossRef]

Dagel, D.; Grossetete, G.; Maccallum, D.O. Measurement of Laser Weld Temperatures for 3D Model Input; SAND2016-10703, 648545;
Sandia National Laboratories: Albuquerque, NM, USA, 2016. [CrossRef]

Qu, D.-X,; Berry, J.; Calta, N.P.; Crumb, M.E,; Guss, G.; Matthews, M.]. Temperature Measurement of Laser-Irradiated Metals
Using Hyperspectral Imaging. Phys. Rev. Appl. 2020, 14, 014031-014043. [CrossRef]

Schager, A.; Zauner, G.; Mayr, G.; Burgholzer, P. Extension of the thermographic signal reconstruction technique for an automated
segmentation and depth estimation of subsurface defects. J. Imaging 2020, 6, 96. [CrossRef] [PubMed]

LumaSense Technologies. MIKRON Thermal Imaging Cameras MSC640. Available online: https://www.advancedenergy.com/
globalassets/resources-root/data-sheets/en-ti-mcs640-mcs640hd-data-sheet.pdf (accessed on 15 October 2018).

Firago, V.; Wojcik, W.; Volkova, I. The principles of reducing temperature measurement uncertainty of modern thermal imaging
system. Przeglad Elektrotech. 2016, 92, 117-120. [CrossRef]

Firago, V.A.; Sen’kov, A.G.; Savkova, Y.N.; Golub, T.V. Pirometricheskiy kontrol temperatury nagrevayemykh metallov na
predpriyatiyakh mashinostroyeniya. Kontrol. Diagn. 2011, 5, 17-25.

Manoi, A.; Saunders, P. Size-of-source Effect in Infrared Thermometers with Direct Reading of Temperature. Int. J. Thermophys.
2017, 38, 101. [CrossRef]

Minkina, S.; Dudzik, W. Measurements in Infrared Thermography. In Infrared Thermography: Errors and Uncertainties; John Wiley
& Sons, Ltd.: Chichester, UK, 2009.

Chrzanowski, K. Testing Thermal Imagers: Practical Guidebook; Military University of Technology: Warsaw, Poland, 2010.

Firago, V.; Sencov, A.; Wojcik, W. Pyrometry of hot metals with changing and nonuniform emissivity. Przeglad Electrotech. 2010,
86, 104-108.

Snopko, V.N. Osnovy Metodov Pirometrii po Spektru Teplovogo Izlucheniya; Institut Fiziki Imeni B.I. Stepanova NAN Belarusi: Minsk,
Belarus, 1999.

IMEC. Hyperspectral Imaging. Sensors. Available online: https:/ /www.imec-int.com/en/hyperspectral-imaging (accessed on
17 September 2018).

Sheyndlin, A.Y. (Ed.) Izluchatel’ nyye Svoystva Tverdykh Materialov: Spravochnik; Energiya: Moscow, Russia, 1974.

Mani, M.; Lane, B.M.; Donmez, M.A; Feng, S.C.; Moylan, S.P. A review on measurement science needs for real-time control of
additive manufacturing metal powderbed fusion processes. Int. |. Prod. Res. 2017, 55, 1400-1418. [CrossRef]

Hooper, P.A. Melt pool temperature and cooling rates in laser powder bed fusion. Addit. Manuf. 2018, 22, 548-559. [CrossRef]
Firago, V.A.; Wojcik, W.; Dzhunisbekov, M.S. Monitoring of the Metal Surface Temperature during Laser Processing. Russ. Metall.
2019, 11, 1224-1230. [CrossRef]


http://doi.org/10.3390/s21186151
http://www.ncbi.nlm.nih.gov/pubmed/34577358
http://doi.org/10.15199/48.2015.02.47
http://doi.org/10.2172/1330607
http://doi.org/10.1103/PhysRevApplied.14.014031
http://doi.org/10.3390/jimaging6090096
http://www.ncbi.nlm.nih.gov/pubmed/34460753
https://www.advancedenergy.com/globalassets/resources-root/data-sheets/en-ti-mcs640-mcs640hd-data-sheet.pdf
https://www.advancedenergy.com/globalassets/resources-root/data-sheets/en-ti-mcs640-mcs640hd-data-sheet.pdf
http://doi.org/10.15199/48.2016.08.32
http://doi.org/10.1007/s10765-017-2237-3
https://www.imec-int.com/en/hyperspectral-imaging
http://doi.org/10.1080/00207543.2016.1223378
http://doi.org/10.1016/j.addma.2018.05.032
http://doi.org/10.1134/S0036029519110053

	Introduction 
	Design and Quality Indicators of Thermographic Equipment 
	Formation of a Digital Image of the Temperature Field 
	Determining Temperature When Using Multiple Spectral Regions 
	Determination of T Using Three Narrow Spectral Regions 
	Formation of Three Spectrum Regions, Shifted in the NIR Range 
	Temperature Determination Method 

	Tehnique of Averaging Signals over the Area of Maximum Heating 
	Ensuring the Invariance of the Measured Values of the Maximum Temperature Tmax to the Image Size and the Nonstationarity of the Matrix Noise 
	Method for Obtaining Averaged Values Vk*  on the High-Temperature Slope of Histograms 
	Example Illustrating Obtaining Vk*  for Small Objects with Uneven Heating 

	Correction of the Deviation of the Real Characteristics of the Photodetector Array from the Calculated Ones 
	Discussion 
	References

