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ANALYSIS OF CIRCUIT DESIGN METHODS FOR LINEARIZING
THE TEMPERATURE CHARACTERISTICS OF NTC-THERMISTORS AND
THE MEASUREMENT CHANNEL CHARACTERISTICS

Background. Temperature measurement devices play a crucial role in the automation of various systems and in mon-
itoring diverse physicochemical parameters. thermoresistors, thermistors, or thermocouples are commonly used as
temperature sensors. However, the nonlinear temperature-resistance characteristic of thermistors presents challenges
for accurate temperature-to-electric signal conversion. Therefore, the issue of linearizing the output characteristic of
the temperature measurement channel remains highly relevant. The task of linearizing the temperature dependence of
the measurement channel can be addressed using hardware (circuit-based), software, or combined hardware-software
approaches.

Objective. The purpose of the research is to analyse the effectiveness of circuit-based (schematic) methods for lineari-
zing the temperature characteristics of NTC-type thermistors and to evaluate their impact on the overall performance
of the temperature measurement channel.

Methods. A structural model of a temperature measurement device utilizing an NTC-thermistor as a sensor was de-
veloped in the MATLAB Simulink environment. Five different circuit configurations for connecting the thermistor
to the measurement channel were analysed to assess the effectiveness of linearization within the temperature ranges
of £15 °C and +25 °C. Based on the proposed connection schemes, a simulation of the temperature characteristics of
NTC-thermistors was carried out.

Results. The results of the study for five circuit-based methods of linearizing the temperature characteristics of NTC-ther-
mistors provide an opportunity to evaluate the effectiveness of applying different circuit-based methods for linearizing
the temperature characteristics of NTC-thermistors and the measurement channel characteristics in two temperature
ranges: £15 °C and +25 °C. Based on the presented simulations, it can be stated that by applying these circuit-based
methods for linearizing the temperature characteristics of NTC-thermistors and the measurement channel characte-
ristics, the measurement error can be reduced by 40 % in a limited temperature range compared to using a balanced
measurement bridge, and corrections for compensating the self-heating effect of the thermistor can be determined.
Conclusions. By modelling the circuit-based methods for linearizing the temperature characteristics of NTC-thermis-
tors, it becomes possible to evaluate the effectiveness of linearizing the temperature dependence of the measurement
channel while investigating various options for connecting the thermistor to the measurement channel. Additionally, the
parameters of the measurement channel elements of the temperature-measuring device can be determined.

Keywords: temperature measurement; NTC-thermistor; MATLAB Simulink; linearization.

Problem statement

Regardless of where temperature measurement
is performed using different devices, the primary
requirement for the results of such measurements
is their accuracy. The overall technical and eco-
nomic parameters of the temperature measurement
system are determined by the sensor, the type of
which depends on the requirements needed from the

system as a whole. Sensors, particularly commonly
used thermistors with a TCR — negative tempera-
ture coefficient (or NTC — Negative Temperature
Coefficient), have a fairly wide working temperature
range, remote monitoring capabilities, can operate in
strong magnetic fields, and have small dimensions.
One of the most significant drawbacks of thermis-
tors with a negative TCR is the nonlinearity of their
R(T) characteristic — the relationship between the
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resistance of the thermistor and its temperature. This
relationship has an exponential form.

The linearity of the measurement channel in a
temperature measurement device with a thermistor
sensor is influenced not only by the nonlinearity of its
R(T) characteristic but also by the nonlinearity of the
transfer characteristic of the interface circuit to which
the thermistor is connected and the self-heating effect
of the thermistor when an electric current passes
through it. Thus, the task of linearizing the tem-
perature dependence of the measurement channel
remains open. Among the circuit techniques, the
most common are passive correction circuits and re-
sistive voltage dividers, which allow forming a linear
section on the R(7) characteristic within a specific
temperature range. These methods are quite eco-
nomical compared to software methods that require
a microcontroller.

The problem can be solved by determining a
rational design for the measuring probe, selecting
the correct characteristics and operating modes of
the thermistor, and implementing optimal operating
parameters for the measurement channel. At the
stage of developing the temperature measurement
device, it is important to carry out mathematical
modelling of the measurement channel to choose
the optimal linearization method and define the
parameters of the components. Creating mathema-
tical models to study linearization methods allows
for determining the characteristics of the measure-
ment channel components depending on the spe-
cific application. In this work, using the developed
mathematical model created in MATLAB Simulink,
methods for linearizing the device characteristics
were studied, measurement errors were evaluated,
and recommendations were developed to improve
measurement accuracy.

Analysis of recent research and publications

Nonlinearity in the characteristics of most
sensors and measurement channels in devices is an
important problem. Their linearized characteristics
simplify the design, and calibration, and improve
measurement accuracy. To compensate for the non-
linearity of the characteristics of thermistors and
the measurement channel, various linearization me-
thods are presented in the literature. In [1, 2], an
analysis of such methods is conducted. These works
provide an overview of different methods applied
for linearizing sensor characteristics. It is noted that
due to the availability of high-performance analogue
devices, circuit-based (analogue) methods are still
popular among many researchers, although the use

of digital methods combined with software methods
provides better results and ensures flexibility and ef-
ficiency. The popularity of circuit-based lineariza-
tion methods is explained by the simplicity of imple-
mentation and, compared to software methods, their
more economical nature.

As is known, the nonlinearity of the charac-
teristics of measurement channels in devices is pri-
marily influenced by: the nonlinearity of the R(T7)
dependence of the thermistor’s resistance on its
temperature, the self-heating effect of the thermis-
tor when an electric current passes through it, the
nonlinearity of the voltage across the thermistor in
a voltage divider or a measurement bridge arm con-
cerning its resistance, and the nonlinearity of the
signal amplifier’s characteristic.

Modelling the specific implementation of de-
vices with the required characteristics using the ne-
cessary linearization method significantly simplifies
the development process and helps to optimally
and quickly select the required component para-
meters and achieve the desired result. Manufactu-
rers of nonlinear components also offer their own
models for connecting thermistors. For example,
online services like “NTC Thermistor Simulation”
on the TDK website [3] and the Murata Elec-
tronics website [4]. Mitsubishi Materials offers the
“Chip Thermistor Resistance Simulator” as an Excel
file [5]. The models provided by the manufacturers
help solve the problem of selecting a specific type of
thermistor for a particular case and partially address
the nonlinearity of the thermistor’s R(7) characteris-
tic. Scientists, engineers, and specialists also propose
their own ways of solving the problem of nonlinearity
in the R(T) characteristic of the sensor [6, 7]. These
models and methods do not provide a full solution
to the problem in the device, considering the specific
requirements required from the device as a whole.

The research aims to construct (develop) an ori-
ginal structural-mathematical model of the measure-
ment channel of a temperature measurement device
using an NTC-thermistor in the MATLAB Simulink
environment, to investigate using the created mo-
del different circuit-based methods of linearizing the
temperature characteristics of NTC-thermistors and
measurement channel elements, analyze the causes
of measurement errors, choose the optimal method
and characteristics of the measurement channel
elements to improve the temperature measurement
accuracy. The goal of the work is to investigate,
using the built models, various ways of linearizing
the temperature characteristics of NTC-thermistors
and elements of the measurement channel.
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The presentation of the main research material

The essence of temperature measurement using
an NTC-thermistor is to use the dependence of the
thermistor resistance on its temperature, that is, on
the temperature of the environment surrounding the
thermistor.

The dependence of the electrical resistance of
an NTC-thermistor on temperature has the form [8]:

R, =R, expB[l—LJ, (1)

T T,

where: R, — NTC-thermistor resistance by tempe-
rature 7, K;

R,, — NTC-thermistor resistance at nominal
temperature 7,, K;

T, T, — temperature, K;

B — constant coefficient that depends on the
thermistor material, K.

Fig. 1 shows the dependence of the thermis-
tor resistance on temperature. As can be seen from
Fig. 1, this dependence is exponential in nature, and
therefore is nonlinear, which creates certain diffi-
culties when creating temperature measuring devices
and introduces additional error when attempting to
linearize this characteristic. The value of the error
will depend on the linearization method used.
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Fig. 1. Dependence of thermistor resistance on temperature at
coefficient values B = 3450 K and B = 3950 K

Often, the form of the temperature characte-
ristic of an NTC-thermistor does not meet the re-
quirements for a specific application of the device.
The use of passive correction circuits (Linear resis-
tance networks) [6, 7] allows for modifying the R(7)
dependence in such a way that a maximally linear
dependence segment is achieved within a specific
temperature working range.

The simplest circuit-based options for such
networks to correct the R(7) dependence of the
thermistor are the series, parallel, or series-parallel
connection of resistors (Fig. 2), whose temperature
coefficient of resistance (TCR) is very small com-
pared to TCR of the thermistor. Connecting a resis-
tor in parallel with the thermistor compensates for its
nonlinearity, a series connection adjusts the sensor’s
sensitivity, and a series-parallel connection creates a
linear characteristic with the required slope.

When a resistor is connected in series with
the thermistor, the slope of the R(7) characteristic
decreases by an amount proportional to the ratio
R
R +R;
the characteristic, but at the same time, the sensi-
tivity of the sensor decreases proportionally. When a
resistor is connected in parallel to balance the R(7)
characteristic, the resistance of the parallel resistor is
determined by the formula (see Fig. 2, b) [9]:

B-2T,
B+2T,’

, Which slightly reduces the non-linearity of

R =R, x (2)

where: R — resistance of a resistor connected in
parallel, Ohm;

R, — resistance of the NTC-thermistor at
nominal temperature 7, K;

T, T, — temperature, K;

B — constant coefficient that depends on the
thermistor material, K.

Series-parallel connection of resistors (see
Fig. 2, ¢) is used to form a linear characteristic with
a given slope. The total resistance R in series-parallel
connection is determined by the formula [10] (3):

R:(R1+RT)R2‘ 3)
R +R +R;

If resistors R, and R, have a fixed ratio with re-
spect to the resistance of the thermistor at its nom-
inal temperature R, (average temperature in a given
range). So, having made the substitution R, =a- R,
and R, =b- R,, we can write formula (3) [11] as:

R (aRy + R;)bR, . @)
aR, + bR, + R,

For the predicted linear function to pass at the
inflection point of the nonlinear function 7, and
the transfer function to have a sensitivity (slope) at
this point equal to the desired value of %, it’s ne-

cessary to determine the values for a and b. Based on
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Fig. 2. Correction of the R(7) thermistor dependence by sequential (a), parallel (b), series-parallel (c) resistor connections
and using the non-linearity of the voltage divider in the Wheatstone bridge circuit (d)

formula (2), when resistors are connected in parallel

to the thermistor R =a- R, and R, = b- R, the sum

of a and b is determined by the formula (5) [10]:
B-2T

b=—_—"N, 5
TP BroT, ©)

The coefficients a are respectively equal to [9]:

Bt ©
B+2T,

and coefficient b [6]:

p— R,
B+2T R, B+2T

where: R, is the nonstandard value and R, — is
the standard value thermistor resistance at nominal
temperature 7', m — required slope of the linearized

; Q
transfer function, /K

Temperature measurement using a thermistor
can be carried out by measuring the voltage across the
thermistor, connected to a DC source or through a
divider to a voltage source. The voltage across the ther-
mistor U is proportional to its resistance and, accord-
ingly, proportional to the temperature of the thermis-
tor. The diagram of such a divider is shown in Fig. 3.
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Fig. 3. Voltage divider circuit

The voltage dependence on the thermistor in
the divider has the form (8):

R,

U, U, x—1
=Y “RAR

®)

In Fig. 4, the dependence of the voltage across
the thermistor on its resistance is shown for diffe-

R
1 v 1s the resistance of

rent ratios k = , Where R,

TN

the NTC-thermistor at the nominal temperature 7,
assuming the resistance of the thermistor changes
linearly. In this case, for example, U, =10 V, and
the thermistor’s resistance changes hnearly from
30 kQ to 4 kQ. The resistance range is based on the
characteristics of the RH18 6H103 thermistor from
Mitsubishi Materials, with a temperature range from
0 °C to +50 °C. At 25 °C, the resistance of RH18 is
R,,=10 kQ £1 %.
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Fig. 4. Dependence of the voltage across the R, resistance on the
thermistor resistance at different ratios k, where k= R,/R,,

As seen from formula (8) and Fig. 3, the non-
linearity has a hyperbolic nature, and as the value of
k increases, i.e., as the resistance of resistor R, in-
creases, the degree of linearity — the approximation
of the curve U/{R;) to a straight line — grows. This
feature is used to correct the nonlinear dependence
R(T) of the NTC-thermistor. By selecting the ap-
propriate value of k (the resistance of resistor R,) in
the voltage divider, a certain degree of linearity of
the characteristic can be achieved.
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For accurate measurement of the electrical
parameters of sensors when creating the interface
circuit, Wheatstone impedance bridges are widely
used. This bridge circuit consists of two legs of volt-
age dividers, one of which contains the thermistor.
Wheatstone bridge circuits are designed to measure
an unknown electrical resistance by unbalancing
two sides of the bridge circuit — one of which con-
tains an unknown component. The bridges can be
symmetric, asymmetric, balanced, and unbalanced.
Wheatstone bridge circuits are simple, efficient, and
very useful for temperature monitoring.

The Wheatstone bridge has a single element
with a variable impedance, and the further its resis-
tance is from the balance point, the more the volt-
age in the bridge diagonal becomes nonlinear with
respect to the resistance of the element with variable
impedance. When using the Wheatstone bridge for
compensating the nonlinearity of the thermistor, the
character of the bridge’s nonlinearity should be op-
posite to that of the thermistor’s nonlinearity. This
is difficult to achieve, but partial compensation can
be obtained in a narrow temperature range.

To compensate for the nonlinearity of the
Wheatstone bridge, researchers and developers pro-
pose several circuit design solutions [11], which are
based on introducing feedback with a specific coef-
ficient B, defined by the formula:

where: B — feedback coefficient; G — bridge unba-
lanced amplifier gain; & — coefficient of the ratio of
the resistances of the resistors in the bridge arm,

R,

k = .
Ry

Among the simple and common circuit solu-
tions for compensating for the nonlinearity of the
Wheatstone bridge, the circuits shown in Fig. 5 [11,
12] are used.

In the electrical circuit of the temperature mea-
surement device, an electric current flows through
the NTC-thermistor, which heats it up. This pheno-
menon is called the self-heating of the thermistor. The
self-heating temperature of the thermistor depends
on the magnitude of the current passing through it,
the materials and design of the sensor, and the thermal
conductivity of the surrounding environment [13, 14].
This phenomenon is used in devices for measuring the
thermal-physical properties of materials or the rate of
substance flow [14, 15, 16]. The self-heating of the
NTC-thermistor leads to an additional decrease in the
thermistor’s resistance, which distorts the measure-
ment result. Therefore, in temperature measurement
devices, a correction must be applied to the obtained
measurement result, and the calculation of this cor-
rection is performed using the following formula [13]:

UZ

2
ek T,-T- _r- LR )
b= ©) ! 8, + R(T) 8
U=Uret +BUs BUs
t Z Uref
R: R Rs
R1 4
+
a) > S
[j Ry JJ Ref1-mT) U
- 0]
oUref
R; Rz
+
> |;|Ra t | Rif1-mT) e .
b) + e Rs
U= ﬁUo

Fig. 5. Schematic solutions for compensation of Wheatstone bridge nonlinearity using feedback: a — with adjustment of the bridge
supply voltage, b — with regulation of the voltage of the base (zero) pole of the bridge
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where: T, — the actual value of the controlled tem-
perature; T — the measured temperature value; U —
the instantaneous voltage across the thermistor; /— the
instantaneous current flowing through the thermistor;
R(T) — the thermistor resistance corresponding to the
temperature 7; §, — the thermal dissipation coeffi-
cient in the measurement environment.

Using as a basis the circuit solutions presented
in Fig. 2, 3, 5, a model of methods for compensating
for the nonlinearity of the dependence of the thermis-
tor resistance on its temperature and the influence of
the thermistor self-heating effect, taking into account
the nonlinearity of the transfer function of the sensor
interface circuit, was designed and implemented.

Fig. 6 shows the developed measurement chan-
nel model in MATLAB Simulink, which meets these
requirements.

The model consists of 3 groups of blocks for
simulating the electrical circuit of the measurement
channel: the “Sensor interfacing circuit” group, the
“Amplifier” group, and the “Feedback” group.

The “Sensor interfacing circuit” group is the
connection scheme of the thermistor model —
“Thermistor” RT to the differential amplifier model
“Fully Differential Op-Amp” in the “Amplifier” group
via the appropriately configured resistor connection
models “Resistor” R1, R2, R3, ..., R7.

The “Thermistor” can be connected to the
Wheatstone bridge leg R1, R2, R3, RT or simply

through the voltage divider % to the “Fully Dif-
T

Sensor interfacing circuit

ferential Op-Amp”. The Wheatstone bridge legs R1-R3
and R2-RT can be connected using the switch models
“Switch” S1, S2, S3 to current source models “ Cur-
rent Source” or voltage source models “DC Voltage
Source”.

The electrical “Feedback” group consists of a
resistive voltage divider R8/R9, which defines the
feedback coefficient B, an operational amplifier, and
switches S4, S5, which are used to configure the
feedback circuit for compensating the nonlinearity
of the Wheatstone bridge.

To form the current temperature value over a
time series, the “Repeating Sequence” model is used,
where a sequence of time-temperature values is in-
put. The temperature values are then converted from
Simulink format to physical signal data (temperature
in K) using the “Simulink-PS Converter”. These data
are sent to the “Controlled Temperature Source”,
which is an ideal energy source in the thermal net-
work that can maintain the controlled temperature
difference. From this source, the physical tempera-
ture data are sent to the thermistor’s T port.

The “Solver Configuration” module determines
the general modelling parameters.

The “Amplifier” group consists of the differential
amplifier model “Fully Differential Op-Amp” and the
ideal operational amplifier model “Op-Amp”, which
provide the necessary voltage gain of the Wheatstone
bridge imbalance G.

Using the “Voltage Sensor” models, the voltage
values at the output of the “Amplifier” and across the
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Fully Differential
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Fig. 6. Measurement channel model in MATLAB Simulink
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“Thermistor” at the current time are recorded. Us-
ing the “Current Sensor” model, the current passing
through the thermistor is recorded.

The “PS-Simulink Converter” modules convert
the input physical electrical signal (voltage or cur-
rent value) to the output signal in Simulink format.
The output signal format in Simulink corresponds to
the physical signal format. Then, in Simulink format,
mathematical operations for calculating the current
value of the thermistor’s resistance, its power, and
the thermistor’s self-heating temperature are per-
formed using the “Add” (addition or subtraction)
or “Divide” (multiplication or division) modules.
Constant coefficients and values are input using the
“Constant” block.

The current voltage value at the output of the
“Amplifier” is proportional to the set temperature at
the current time. Using the “PS-Simulink Conver-
ter” module, this is converted into an output signal
in Simulink format, then multiplied by the neces-
sary coefficient in the “Divide” block and conver-
ted into the temperature value in K. The calculated
self-heating temperature of the thermistor is added
to this value. The obtained data of each measured
value are recorded by the oscilloscope “Scope” and
saved to the specified time series or array in the
base workspace of MATLAB Simulink using the
“Simout” module group.

Research Results

The research was conducted in two tempera-
ture ranges for the thermistor: 298+25 K and 298+15
K, corresponding to the ranges of 0 ... +50 °C and
+10 ... 440 °C, respectively. The parameters of the
thermistor used were similar to those of the RHIS8
thermistor from Mitsubishi, with R= 10 kQ (25 °C)
and coefficients B=3450 K and B=3950 K. This
thermistor has an epoxy resin casing and small di-
mensions (diameter 1.8 mm, length 7 mm), making
it sensitive to self-heating (5, =1 mW/°C in air).
This allows for the investigation of the effect on
measurement errors from linearization methods in
different temperature ranges with various B coeftfi-
cient values, as well as determining correction values
from the impact of the thermistor’s self-heating effect.

The simulation was carried out using five dif-
ferent interface circuit configurations for connecting
the thermistor:

Variant 1. The thermistor is placed in one leg
of the balanced Wheatstone bridge, where the resis-
tance of the bridge resistors equals the thermistor’s
resistance at the nominal temperature of 25 °C (R1,
R2, R3, R, =10 kQ). The bridge is powered by a

10 V DC voltage source. Is given by S1 — switch by
MATLAB Simulink model, given in Fig. 6.

Fig. 7 shows the error dependence for tempera-
ture determination in the temperature ranges from
0 °C to 50 °C and from 10 °C to 40 °C, respectively.

25

The measurement error,°C

a

S
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The measurement error, °C
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b

Fig. 7. Dependence of temperature determination error in tem-
perature ranges from 0 °C to 50 °C (a) and from 10 °C
to 40 °C (b)

The values of the root mean square (RMS)
error in different temperature ranges for different
values of the thermistor’s B coefficient are shown in
the table. These values are used for comparison with
the error values when applying other linearization
methods.

Variant 2. Is given by S2 — switch by MATLAB
Simulink model, given in Fig. 6. The thermistor is
placed in one leg of the Wheatstone bridge at dif-
ferent resistance ratios of the bridge R = Ifz

3 TN
The bridge is powered by a 10 ¥ DC voltage source.
It was determined that the minimum error value oc-
curs at k=0.75 in each of the temperature ranges for

=k.
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both values of the thermistor’s B coefficient, that is
shown in Fig. 8.

The measurement error, °C
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Fig. 8. Dependence of temperature measurement error in the
temperature ranges from 0 °C to 50 °C (a) and from 10 °C
to 40 °C (b) for the thermistor with B= 3450 K

The root mean square (RMS) error values in
different temperature ranges for different values of
the thermistor’s B coefficient at k& = 0.75+£0.05 are
shown in Table 1.

Variant 3. Is given by S3 — switch by MATLAB
Simulink model, given in Fig. 6. The thermistor is
placed in one leg of the Wheatstone bridge with the
parallel connection of resistor R5 = 7054 Q for the
thermistor with B = 3450 K and R5 = 7378 Q for
the thermistor with B = 3950 K (Fig. 9 a, b), at the

resistance ratio & = & = k, where:
R, R,
R = fm xR (11)
’ RS + RTN

The values of R5 are determined by formu-
la (2). The bridge is powered from a 10 V DC vol-
tage source.
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Fig. 9. Dependence of temperature measurement error in the
temperature ranges from 0 °C to 50 °C (a) and from
10 °C to 40 °C (b) for the thermistor with B= 3450 K

In this variant, the error has a minimum value at
k=0.85 in each temperature range and for both va-
lues of the thermistor’s B coefficient. The root mean
square (RMS) error value — o in different temperature
ranges for different values of the thermistor’s B coeffi-
cient at k= 0.85+0.05 is shown in Table 1.

Variant 4. The thermistor is placed in one leg
of the Wheatstone bridge with the parallel con-
nection of resistor RS = 7054 Q for the thermistor
with B = 3450 and R5 = 7378 Q for the thermistor
with B= 3950 (see formula (2)) at the resistance

R :& =k (see formula (11)). Is given by
R, R,

S4 — switch by MATLAB Simulink model, given
in Fig. 6. For linearizing the bridge characteristic,
feedback is introduced on the operational amplifier
with a feedback coefficient B, which is equal to:

g R

R+ R

ratio

(12)
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The bridge is powered with a 10 V DC voltage
source. In this case, that’s shown in Fig. 10, the er-
ror has approximately the same value for k from 0.7
to 12 in each temperature range and for both values
of the thermistor’s B coefficient.
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pm—— b

The measurement error,*C
\

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
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03

0.2

0,1

0.1

The measurement error,°C
=

0,2

k=37:p=036

101112131415161718192021222324252627282930313233343536373839
Temperature,”C

|k=40; =032

03

b

Fig. 10. Dependence of temperature measurement error in the
temperature ranges from 0 °C to 50 °C (a) and from
10 °C to 40 °C (b) for the thermistor with B=3950 K

The average value of the root mean square
(RMYS) error — o in different temperature ranges for
different values of the thermistor’s B coefficient is
shown in the table. With an increase in k, the gain
coefficient of the differential amplifier G increases,
while the feedback coefficient B decreases.

Variant 5. Is given by S5 — switch by MATLAB
Simulink model, given in Fig. 6. The thermistor is
directly connected to the input «—» of the amplifier
with the parallel connection of resistor R5=7054 Q
(R4=0 Q) for the thermistor with B=3450 K and
R5=7378 Q for the thermistor with B =3950 K.
The thermistor is powered through a resistor from
a constant current source from 300 pA to 1 mA
via resistor R2=4154 Q for the thermistor with

B=3450 K and R2 =4246 Q for the thermistor with
B=3950 K. The value of R2 corresponds to the va-
lue of R, (see formula (7)), then k=1. The «+ input
of the amplifier is connected to a voltage divider

Rl
R3
constant DC voltage source of 10 V.

In this variant, the thermistor is powered
through a resistor from a constant current source
from 300 pA to 1 mA. Regardless of the current
value, the RMS error in each temperature range re-
mains unchanged. As the current value increases,
the gain coefficient of the amplifier G decreases and
the correction value U — the offset voltage, or 7' —
the temperature correction value for compensating
the self-heating effect of the thermistor increases.

The generalized data of the research results are
presented in Table 1. The results of the research for
five circuit-technical methods of linearization of the
temperature characteristics of NTC-thermistors pro-
vide an opportunity to evaluate the effectiveness of
the application of different variants of circuit-tech-
nical methods of linearization of the temperature
characteristics of NTC-thermistors and the charac-
teristics of the measuring channels.

=k =1. The voltage source of this divider is a

R
Notes: 1 — The range of k, where k = R% (R, is

P
calculated using formula (7)); 2 — The average value

of RMS in the range of k; 3 — The value increases as
k decreases; 4 — The value increases as k decreases;
5 — For current values of the current source from
300 pA to 1 mA; 6 — The average value of RMS
for current source values from 300 pA to 1 mA;
7 — The value increases as the current source current
decreases; 8 — The value decreases as the current
source current decreases.

Conclusions

In the conducted study, a structural-mathe-
matical model of the measurement channel in
MATLAB Simulink was developed to study diffe-
rent methods of linearizing the temperature charac-
teristics of NTC-thermistors and the measurement
channel. After modelling, graphical dependencies of
the temperature measurement error were obtained
in the temperature ranges from 0 °C to 50 °C and
from 10 °C to 40 °C for thermistors with values
of B=3450 K and 3950 K, using several methods
for linearizing the temperature characteristics of
NTC-thermistors and the measurement channel.
The smallest error value was achieved by using the
method of linearizing the temperature characteristic
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Table 1. The results of the study for five circuit-based methods of linearizing the temperature characteristics of NTC-thermistors

= Without self-heating thermistor Taking into acco}tllnt }:he sdf—h;atiqg temperature of
-§ X B K |AT K the thermistor 1n air
s o K Parameters 6. K Amendments
’ G B ’ G B U, B T, K
+25 0.74 1.5 — 0.61 0 — —0.53
1 1 3450 +15 0.24 1.4 — 0.20 0 — -0.53 265
+0.05 +25 0.92 1.35 — 0.80 0 — -0.52
3950 +15 0.24 1.35 — 0.19 0 — —0.52 26
3450 +25 0.41 1.55 — 0.41 +0.05 — 0.7
2 0.75 +15 0.07 1.45 — 0.09 +0.02 — 0.7 35
+0.05 3950 +25 0.39 1.35 — 0.54 +0.04 — -0.7 '
+15 0.07 1.4 — 0.09 +0.03 — —0.7
3450 +25 0.36 2.2 0.33 0.35 +0.16 0 -1.0 s
3 0.85 +15 0.07 2.1 0.25 0.07 0 0 -1.0
+0.05 3950 +25 0.41 2.0 0.30 0.41 +0.16 0 —0.97 —4.85
+15 0.08 1.5 0.17 0.09 +0.06 0 -0.96 —4.8
0.7 3450 +25 0.35% | 4.3...13.1° | 0.07...0.57 | 0.372 | 0...+0.2¢ 0 0..-0.65* | 0..-3.25*
4 ) +15 0.09? | 4.0...12.6° | 0.06...0.36 | 0.082 | 0...+0.3* 0 0..-0.62¢
12] 3950 +25 0.44> | 3.7..11.2° | 0.07...0.41 | 0.462 | 0...+0.25* 0 0..-0.62¢ 0..-3.1¢
+15 0.12 3.5..10.6° | 0.07...0.41 | 0.1? 0...+0.3* 0 0..-0.62¢
3450 +25 0.31° 2.1...7.27 - 0.33° | 0...-0.17% 0..-0.28
s | +15 0.07° 2.0...7.07 - 0.07¢ 0...-0.1% - 0..-0.28 0.8
3950 +25 0.47¢ 1.9...6.47 - 0.45¢ 0...-0.1% - 0..-0.28
+15 0.09¢ 1.8...6.97 - 0.08¢ 0...-0.1% - 0..-0.28

of the NTC-thermistor with a parallel resistor con-
nection and introducing feedback to the Wheatstone
bridge (variant 4). Additionally, the minimum error
is achieved by applying variant 5 of the thermistor
connection — connecting it to a DC source with
linearization of the characteristic by connecting a
parallel resistor. This method has the drawback of
requiring high accuracy in the current value of the
current source. The measurement error when ap-
plying these methods is reduced approximately two
times compared to the error obtained when con-
necting the thermistor in a balanced Wheatstone
bridge arm (variant 1). As the B coefficient of the
thermistor increases, the error increases for all the
specified methods, while narrowing the temperature
range reduces the error. Thus, in the temperature
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C.M. MatBieHko, I.C. Tumumk

AHATJI3 CXEMOTEXHIYHUX METOQLIB NIHEAPU3ALI TEMMEPATYPHUX XAPAKTEPUCTUK NTC-TEPMICTOPIB
| XAPAKTEPUCTUK BUMIPIOBAJIbHOIO KAHATTY

Mpo6nemaTuka. [NpuUCTpOi BUMIpIOBaHHA TeMnepaTypu BifirpatoTb BaXnvBy posb Afs aBTOMaTu3aLii pi3HUX CUCTEM | MOHITOPUH-
ry pisHux ¢iamko-xiMiyHMX napameTpiB. Sk CEHCOpM BUKOPUCTOBYIOTb TEPMOPE3NCTOpPU, TepMicTopn abo Tepmonapu. YTiM, HeniHinHa
TemnepaTtypHa xapaKkTepucTuka TEpMICTOPIB CTBOPIOE TPYAHOLL 4151 TOYHOTO NEPETBOPEHHS TEMMNEpPaTypu B eNeKTPUYHUIA CUrHar, ToMy
NUTaHHA NiHeapu3sauii BUXigHOI XapakTepUCTUKN BUMIPIOBaNbHOMO KaHary NpUCTPOIO AMs BUMIpIOBaHHA TeMnepaTypu 3anvaeTbes ak-
TyanbHUM Joci. 3aBAaHHs niHeapwmaauii TemnepaTypHOT 3aneXHOCTi BUMIPIOBaNbHOro KaHany Moxe OyTu BupilLleHe anapaTtHUMu (CXeMo-
TEXHIYHUMM), NPOrpamMHUMU Ta anapaTHO-NPOrpaMH1UMN METOLAMMU.

MeTa gocnigxeHHs. MeToto poboTu € aHani3 ePeKkTUBHOCTI CXEMOTEXHIYHUX METOAIB MiHeapu3aLii TemnepaTypHUxX xapakrepumc-
TuK TepmicTopie NTC-Tuny, a Takox ix BNAMBY Ha 3ararnbHy XapakTepucTuKy BUMIPIOBaribHOrO KaHary.

MeTtoauka peanisauii. Po3pobneHo CTpyKTypHYy MoAenb NpUCTPOIO AN BUMIPIOBAHHS TeMnepaTypu i3 CEHCOPOM Ha OCHOBI Tep-
mictopa y cepeposuui MATLAB Simulink. MpoBegeHo aHania m'aTn CXeMOTEXHIYHMX CMOCObiB MiAKMOYEHHS TepMicTopa A0 BUMIpHO-
BanbHOro KaHany 3 MeTor AOChigKEeHHs edpeKTUBHOCTI NiHeapusauii y mexax TemnepaTtypHux gianasoHis +15 °C 1a 25 °C. Ha ocHoBi
3anpornoHoOBaHMX CNocobiB NiAKMIOYEHHS TepMiCTOpa 34iNCHEHO MOAEMOBaHHsS TeMnepaTypHux xapakrtepuctuk NTC-TepmicTopis.

Pe3ynbrat gocnigxeHHs. Pe3ynsrat gocnigkeHb Ans Mty CXeMOTEXHIYHMX cnocobiB niHeapu3alii TemnepaTypHux xapakTe-
puctrk NTC-TepmicTopiB HagaTb MOXIMBICTb OLIHUTU €EKTUBHICTb 3aCTOCYBaHHS Pi3HWX BapiaHTIB CXEMOTEXHIYHUX MeTopAiB niHea-
pu3auii TemnepatypHux xapaktepmuctuk NTC-TepMicToOpiB i XxapaKTepMCTUK BUMIPIOBaNbHOMO KaHany y ABOX TemnepaTypHuX AdianasoHax:
+15 °C 1a 25 °C. Ha oCcHOBi nogaHoro MogentoBaHHA MOXHa CTBEpPAXYBaTH, LLO 32 paxyHOK 3aCTOCYBaHHS BKA3aHUX CXEMOTEXHIYHUX
cnocobiB niHeapu3adii TemnepaTtypHux xapaktepuctnk NTC-TepMiCTOpiB i xapakTepncTuK BUMIpIOBarIbHOrO KaHany MOXHa 3MEHLUNTU
noxubky BumiptoBaHHsA Ha 40 % B oBMexeHOMy AianasoHi TemnepaTtyp MOPIBHSAHO 3 BUKOPUCTaHHAM 36anaHcoBaHOro BUMIpHOBanbHOMO
MOCTY, i BU3HA4YMTV NOTPIOHI KOPEKLiNHI 3axoaun AN KomneHcauil epekTy camoposirpisy TepMictopa.
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BucHoBKkuW. 3a paxyHOK MOAENOBaHHSI CXEMOTEXHIYHUX crnocobiB niHeapu3aauii TemnepatypHux xapaktepuctuk NTC-TepmicTopis
HaJaHO MOXIMBICTb OLHIOBAaTV pe3ynbTaTUBHICTb fiHeapmaaLlii TeMnepaTypHOi 3aneXHOCTi BUMIpIOBanbHOIO KaHany, AOCHifXY4M npu
LbOMY Pi3HOMaHITHI BapiaHTV NigKMOYeHHS 40 BUMIPIOBarNbHOMO KaHarny TepMicTopa, a TakoX BU3Ha4YUTV NnapameTpy eneMeHTiB BUMIpio-
BanbHOro KaHany npucTpo Ans BUMIpOBaHHS TeMnepaTypu.

KntouyoBi cnoBa: BuMiptoBaHHsa Temnepatypu; NTC-tepmictop; MATLAB Simulink; niHeapusauis.
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