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Introduction

The semiconductor temperature sensor can be
manufactured as one integral on-chip crystal, together with
signal conditioning circuitry [1-4]. Analog [1], [2] or
digital [3], [4] signal is received at the output. Accuracy of
analog temperature sensors reaches +0.5° C, and
nonlinearity reaches +0.2° C [1], [2]. Accuracy of digital
temperature sensors reaches +0.5° C [3], and resolution
reaches 0.016° C [4]. Semiconductor sensors typically have
lesser accuracy than platinum sensors, but are considerably
cheaper to manufacture.

Relationship between temperature and sensor output
voltage

Operation of semiconductor temperature sensors is
based on relationship between temperature and voltage
between p-n junction areas, when forward current is
flowing through it. This relationship considering only
diffusion of charge carriers is characterized by (1) equation

[5].
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here I, — the saturation current; Uy — the forward voltage;
k — the Boltzmann's constant; 7 — temperature, oK; q — the
electron charge.

Therefore any diode can be used as a temperature
sensor. However the saturation current s is related with
physical and technological parameters of the diode and its
material. Modern technologies can not ensure the
repeatability of parameters in manufacture, which would
be suitable for accurate sensors, furthermore, only the
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diffusive current flowing through the junction is evaluated
in the equation (1).

Transistor in which collector is connected to the base
is used in semiconductor temperature sensors due to its
technological peculiarities. The relationship between
forward current / and base-emitter voltage U, as a
function of absolute temperature 7, for such transistor is
supplemented with non-ideality constant y and equation
can be rewritten as (2) [2; 6].
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here » — non-ideality constant.
For the forward current values in equation (2) 1 can
be omitted; then equation (2) can be written as

U
- = (3)
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Influence of the saturation current can be avoided
partially by measuring diode voltage under two values of
the forward current /; and /..

Then
U,
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Assume that I, > I, then difference of voltage drops
on the diode is
kT I
e n[—zj .
q 1,

In the equation (8) the saturation current I is
eliminated. Although this equation is valid only when
electrical resistance of the structure base-emitter is not
modulated when current flowing through the diode is
increased from I, to I,, and additionally the voltage drop on
the resistance of the base-emitter structure is not evaluated
in this equation.

After reconstructing equation (8), temperature is
calculated as
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q
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For technological purposes bipolar transistors with its
collector connected to the base are used in temperature
sensors instead of diodes.

By applying equation (7) the relationship between
temperature and sensor output voltage should be linear.

The value of non-ideality constant » is usually from
0.95 to 2 [8]. In [9] it is mentioned, that » = 0.008 for
temperature sensors, and n 0.0021 for sensors
manufactured directly in CPU.

Nevertheless, the typical nonlinearity of real sensors
can be in the range + (0.15 — 1) °C [1].

Thus not fully defined factors remain in the
relationship between measured voltage values and
temperature: these are non-ideality constant », electrical
resistance of the structure base-emitter, which is related
with magnitude of the current, temperature and self-
heating of the sensor.

On the grounds of equation (9) we can write

T= “AU. 9)

T=a+bdl,

here a — diode bandgap voltage, when temperature of p-n
junction is equal 0 °C, is calculated by approximating the
measurement results

q
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Calculations and experiments show [7], that
relationship between temperature and diode voltage is
nonlinear.

b= (10)
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Influence of non-ideality constant and of alternations
of measurement currents can be evaluated by equation (8).

Let‘s consider, that the real temperature of p-n
junction is T, = 100 °C.

Influence of non-ideality constant. If the real value of
non-ideality constant 1, is higher than the nominal value g,

= 1.008 by 1 % then the temperature measured by the
sensor will be 7, = 99.01 °C.

Influence of instability of measurement currents
Assume that electric current /, = 100 pA and current /;
10 pA (ratio equals 10); when current /, increases and

current /; decreases by 1%, the measured temperature wil
be 99.14 °C.

The offset voltage U, is required for Centigrade
temperature sensors. Value of the offset voltage should be
such that under temperature 0 °C the sensor output voltage
would be 0 V. When sensor is produced, the selected value
of the voltage Upp., will define the magnitude of the
sensor output voltage U,,,.

Typical structure of analog temperature sensor is
shown in Fig. 1.
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Fig. 1. The structure of typical analog temperature sensor

As it follows, output voltage of the analog sensor is
influenced by the temperature of p-n junction, modulation
of electrical resistance of the p-n junction, uncertainty of
non-ideality ~constant, self-heating of the sensor,
nonlinearity of mathematical relationship and uncertainty
of the voltage U, .

For accurate temperature sensors U,, = OV under 0
°C, and the scale factor is 10 mV/ °C [1].

Temperature field of the sensor body

When sensor is not immersed into liquid flow directly
or while being in the pocket, and is fastened, for example,
on the surface of the tube, the inner temperature field of
the sensor is related with the quality of its thermo-
isolation.

If heat is transferred by conductivity, then heat
transfer is described by the equation (11)

orT

pC—-+V (VD) =0, (1

the variables and quantities in this equation: Q — the heat
source; T — the temperature; k£ — thermal conductivity; C —
the heat capacity; p — the density; ¢ — the time.

For a steady-state model temperature does not change
with time. If the heat transfer is by conduction only, the



boundary conditions are: —n - (—kVT') = 0 insulation or
symmetry; —I — is the normal vector of the boundary;
T =T, — the defined temperature.
The interior boundary condition
-n,-(-kVT)-n, - (-k, VT )=0 (12)
is the condition of continuity, indexes / and » — condition
on the right and on the left of boundary.
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Fig. 2. The temperature field in the area of the sensor body.
Thickness of the thermo-isolation 1 layer is 10 mm. Here 1 —
thermo-isolation; 2 — sensor; 3 — pipe wall; 4 — cable.
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Fig.3. Temperature field in the area of the sensor body.

Thickness of the thermo-isolation layer is 20 mm

It was assumed during modeling that temperature
sensor is placed in the protective sheath, is fastened to the
surface of the tube and is covered by thermo-isolating
cover. Finite element method was used for the modeling,
and finite element analysis program “COMSOL
Multiphysics” was selected.

For the model the temperature of the fluid flow 7 = 70
°C was defined and the temperature of the ambient medium
(air) was defined equal to 22 oc,

To illustrate the results of the modeling are given for
two cases - when thermal isolation is poor and acceptable
(results are shown in Fig. 2 and Fig. 3).

When the thickness of the thermo-isolation layer was
10 mm, temperature across the sensor varied from

69.906 °C to 69.013°C, and from from 69.588°C to
67.566 °C along the sensor. When the thickness of the
thermo-isolation layer was increased up to 20 mm,
temperature across the sensor varied from 69.993 °C to
69.895 °C, and from 69.934°C to 69.946 °C along the
sensor. Therefore by optimizing the parameters of the
thermo-isolating cover it is possible to form such
environment conditions for the sensor, that it would be
located in the temperature field, which is analogous to the
temperature field of the liquid flow.

The results of the experiment

Characteristics U,, (T) of 10 units of the analog
temperature sensors of the type LM35 was investigated.
Temperature measurement was performed with uncertainty
of +£0.02 °C, and the output voltage was measured with
uncertainty of £0.001 V. Output voltage dependence on the
temperature of one sensor is shown in Fig. 4. Linear
relationship was received in the temperature range from
24 °C to 92 °C (correlation factor R = 0.9999).

Sensor LM35 No 4 output voltage versus temperature
U4 =0.0121+0.0105*x
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Fig. 4. The dependence of the sensor output voltage on the
temperature

Means and standard deviations (STDEV) of the
regression line calculated from the measurement results are
given in Fig. 5.
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Fig. 5. Average values of the coefficients a and b of the
regression equation and their STDEV (n = 10)

General form of the regression equation according to
the results of the measurements

Uout = 0.00621 + 0.0106 * T, (13)



here Uout — sensor output voltage, V; T — temperature, °C.

STDEV =+0.00433 for the coefficient a from the
general regression equation, and STDEV= +0.0000943 for
the coefficient b. Using equation (10) the temperature can
be calculated as

T =94.3396 Uout — 0.585859, (14)
here T — temperature, C, Uout — sensor output voltage, V.

Second experiment was performed when temperature
in the liquid flow Tgr was measured using measurement
device “1560 Black Stack”. Its measurement uncertainty is
+0.02 °C, and the secondary thermistor probe type is 5610
with the basic accuracy of +0.015 °C. Probe was immersed
into the liquid. Temperature 7, was measured by
calibrated sensor of the type LM35, which was attached to
the surface of the tube and covered with thermal isolation
type Thermaflex cover thickness 20 mm. Yield of the
liquid flow was 0.115 m’/h, temperature of the delivered
liquid was maintained at the 75+2°C and 19+0.5°C. The
duration of the measurement was 8 h. Measurement results
are listed in the Table 1.

Table 1. Results of the temperature control in fluid flow
No | Parameter Average value, 'C
Temperature Tsr 75.116+0.104
Temperature Ty, 75.063+0.063
Temperature Tsr 19.271 + 0.470
Temperature Tj, 19.258 + 0.474

W[ —

Temperature mean values measured in the liquid flow
using both methods differed by 0.053 °C and 0.013 °C.
When sensor is attached to the surface of the tube,
measurement results are considerably influenced by the
quality of thermal insulation of the cover placed on the
sensor and on the part of the tube.

Conclusions
1. It is purposeful to use analog semiconductor

temperature sensors for temperature control in the
liquid flow.

2. By optimizing the parameters of the thermo-isolating
cover it is possible to form such environment
conditions for the sensor, that it would be located in
the temperature field, which is analogous to the
temperature field of the liquid flow.

3. Standard deviation of the bandgap voltage values for
the investigated sensors amounts 0.697 of the average
value of the bandgap voltage.

4. For temperature control in the fluid flow using analog
sensors of the type LM3S5 it is necessary to calibrate
them additionally in order to reach higher accuracy
than declared by manufacturer.
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