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Abstract

This paper presents a temperature measurement system without the input buffer. A voltage
follower or a buffer is required to minimize the influence of the ADC input impedance in the
thermistor temperature measurement system. In such system, a high performance operational
amplifier is usually required to prevent the noise and distortion due to the additional circuit.
Negative power is also necessary to prevent the distortion of the low voltage input signal.
This paper introduces a buffer-less system with a calibration method to resolve such
problems. The low temperature coefficient precision resistors were employed to calibrate the
input resistance and the leakage current of ADC. The experimental results show that the
calibrated error decreased from 190mK to 40mK. As a result, it was shown that the ADC
input impedance is time-independent.
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1. Introduction

Among the various temperature measuring devices that has been developed, NTC
(Negative Temperature Coefficient) thermistor has a 10-fold higher temperature coefficient
than the commonly used platinum sensor, and shows several advantages such as high
sensitivity, fast thermal response, various shapes and sizes, and low-cost [1, 2]. Therefore in
the biomedical field, which handles a limited range of temperature, NTC thermistor is favored
over the other devices [3].

When measuring the temperature with a NTC thermistor, the resistance should be
measured using a bridge circuit or a voltage divider. However, since the resistance changes in
a nonlinear fashion according to the temperature, many methods of linearization have been
developed [4, 5]. For a NTC thermistor, the resistance change can be altered easily to a
voltage change by dividing the voltage with a simple voltage divider. The linearization of the
voltage change can be gained in high resolution in a digital form through the ADC due to the
NTC thermistor’s high sensitivity. By employing an ADC with high enough resolution, any
desired temperature resolution can be achieved [1].

In the simple voltage divider circuitry, a constant voltage is divided by the serial
connection of the thermistor and a reference resistor, and the divided voltage is inputted to the
ADC, resulting in a digit. The resistance of the thermistor is calculated with the digit, and the
temperature is estimated with a calibration method such as Steinhart-Hart equation [1]. In the

* Corresponding Author: cypark@hallym.ac.kr

417



International Journal of Control and Automation
Vol. 6, No. 3, June, 2013

circuit, the high voltage reference of the ADC is usually connected to the constant voltage of
the divider to minimize the influence of the voltage alteration of the power source. When the
divided voltage is applied to the ADC, the voltage divider is isolated from the ADC with a
voltage follower or a buffer made with an operation amp (OP amp), in order to minimize the
influence of the ADC input resistance. However, the additional circuitry and the buffer
nonlinearity can cause noise or distortion of the divided voltage signal. Also, a negative
voltage source is required for the buffer to prevent the distortion of the low divided voltage
input.

If the ADC input impedance is known, the resistance of the thermistor, that is, the
temperature can be measured accurately by directly connecting the divided voltage to the
ADC without any buffer. In this paper a calibration method is proposed and applied to the
temperature measurement system which consists of a simple voltage divider and a
microcontroller with ADC. The input impedance of the ADC is modeled and identified with
the calibration method. The emulation of thermistor resistance is measured using four
precision resistors, and it was determined whether this measured temperature was time-
invariant. Also a calibration method using the input impedance from the measure temperature
is proposed.

Experimental results show that the proposed model was a good approximation of the ADC
input impedance and the calibrated temperature error was significantly reduced. As a result, it
was shown that the ADC input impedance is time-independent.

2. Methods

In this paper, the 8-bit microcontroller (PIC18F4458, microchip technology inc.) with an
integrated 12bit ADC was selected as the temperature measurement system. The ADC has 10
input channels and four of them were selected to be connected to the voltage divider. The
system was intended to measure the heat blocks of the PCR thermal cycler and the
interchangeable thermistor (U.S. Sensor Corp.) having the precision of 0.1°C was selected.
As the important temperatures are 4°C, 60°C, 72°C, and 95°C in the system, the precision
resistors with similar resistance of the thermistor at the temperatures were employed to
emulate the thermistor. The corresponding temperatures of the selected precision resistors
were 4.0°C, 60.0°C, 72.3°C, and 95.0°C. The circuit module with the resistors and switches
was assembled to apply any of them to any of the voltage divider circuits.

Figure 1 shows the equivalent circuits with an ideal buffer and without any buffer of the
ADC input in the temperature measuring system. The thermistor resistance r(t) of each circuit

is the resistance of one of the aforementioned precision resistors.

The following equations express the ADC input voltages normalized to the power voltage
V.

With the buffer: u(t) = . +Rr(t) Q)
Without the buffer: u(t) = _Rifz(w) 2
RITZ(u)+r(t)
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Figure 1. The equivalent circuits of the voltage divider
(a) with buffer and (b) without buffer

In the above equation, R, r(t),u(t), and R// Z(u) represent the reference resistance, the

thermistor resistance, the divided voltage, and the parallel impedance of the reference
resistance and input impedance, respectively. The ADC input impedance normally consists of
input resistance and leakage current, and the quality of the ADC is higher when the input
resistance is closer to infinity, and the leakage current is near zero. In this case, the divided
voltage can be connected without a buffer and can be depicted as equation (1). In the less than
ideal case, the ADC input impedance of Figure 1(b) can be modeled with an input resistance
and a leakage current as shown in Figure 2.

ADC
y(t)

u(t)

Figure 2. ADC input impedance model

Each resistance in Figure 2 is represented in admittance for easy derivation of the
calibration equations as follows:
y(t) : thermistor admittance, y(t) =1/r(t)

Y : reference resistor admittance,Y =1/R

g : ADC input admittance

| : ADC input leakage current
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According to Kirchhoff’s law:
@-u)y=Yu+gu+l (3)
Therefore the admittance of the thermistor satisfies the following.

+g)u+1
_(r+9) @
1-u)
With an ideal buffer, g and Ican be ignored, and the admittance of the thermistor can be
calculated through the following.

_Yu
"

(®)

By obtaining the thermistor admittance with equation (4) or (5), the temperature can be
estimated with the resistance-temperature table of the thermistor or the Steinhart-Hart
equation. If the unknown parameters g and | of the equation (4) can be identified, the

thermistor admittance can be gained with equation (4) without the need of a buffer and
directly connecting the divided voltage to ADC. Since any thermistor should be calibrated
before use in general, the aforementioned parameters can be identified when the thermistor is
calibrated. However the total system calibration process will be very simplified if the system
is calibrated independently of the thermistor calibration, because the temperature
measurement system should be certified by an authorized inspection agency. In this paper, the
unknown parameters are found independently of the thermistor, by emulating it with
precision resistors.

The measurement of the divided voltages by applying two precision resistors with the
resistances corresponding to two temperature points is enough to identify the unknowns in the
equation (3). However, four equations are obtained from the corresponding four important
temperature points of the PCR thermal cycler. Therefore the unknown parameters were
estimated with the least square method.

The two unknown parameters can be calibrated with the ADC results by connecting two

thermistors. To simplify the unknown parameters, substitute g, =Y + g, and calculate g;

and | . Rearranging equation (4) according to parameter will yield the following.

@-u)y=gu+l (6)

Put the thermistor admittance as Y,, Y, and the ADC result by connecting the two as d,
dz, for two temperatures t,, t,. Put the maximum value of ADC as N (for 12 bit, N=4096).

Then, two equations can be obtained for the unknown parameters, g, and |, as the following.
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[1_ijy1 =0 i"”

N N @)
d d
[1—W2]y2 =g, 2+

By calculating g; and | from the two simultaneous equations in (7), the system can be

calibrated. However, it is recommended to calibrate for more than two temperatures since the
calibration is done for more than two important temperatures in real thermistor calibration. In
this case, there will be more than two equations in the form of equations shown in (7), and
will be able to calculate more stable parameters through the least square method. For example,
when calibrating four significant temperatures, the lest square method can be used as follows;

p=(A"A)A'B (8)

The equations for p, A, and B of above is shown below.

r § d
d1 1__1)y
g N
N

g ?\1—2 1 1‘%}3/2

sz'}Az A 1 DA ©)

=1 1__3])/3
N N
d, d
N 1_ I 1‘#])’4

Figure 3 shows the diagram of the connection between the thermistor emulation system
and the temperature measurement system in order to calibrate the points of four significant
temperatures of the thermocycler. Four of the precision resistors that correspond to the
thermistor resistance of the four temperatures are attached to the thermistor emulation, which
can be connected and disconnected with a switch. To calibrate the admittance into ADC

values, the data set {(y,d,),(y,,d,),(Ys.d,),(y,,d,)} is obtained by connecting the

switches, and the unknown parameters are calculated with equation (8).

3. Results and Discussions

The temperature was measured by connecting the precision resistors corresponding to the
temperatures of 95.07 72.36°C, 60.05 and 4.02°C as described in the previous section. The

temperature coefficient of the precision thermistor is +25ppm/°C, and the tolerance is
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+0.1% . Four sets of the system were measured and the results are shown in Table 1. Note
that each set has 4 channels. The table shows that the channel and the set variation of the
ADC input impedance are negligible. However, the temperature measurement error was 220,
170, 130, and 250mK in absolute temperature for 95.07°C, 72.36°C, 60.05°C, and 4.02°C,
respectively.

Temperature measurement system
Thermistor emulator

ADC

1
X 2w | [—=d

]

Figure 3. Four Point Calibration of the Temperature Measurement System
using Thermistor

Table 2 shows the temperature measurement error after calibration with the suggested
method. Comparing the second and the third rows, it is noticeable that the calibrated error is
significantly reduced. The error was reduced to one-eighth and the overall error was reduced
to less than 30mK, which was acceptable for most applications. The results indicate that an
accurate temperature measurement is possible without the isolation of the ADC and voltage
divider through a buffer. Such result has great significance considering the noise due to an
additional circuit, distortion from the nonlinearity of poor operation amplifier, and the
negative power supply.

The variation between the sets and between the channels of the ADC input impedance was
negligible in this experiment.

To observe the ADC input impedance according to time, the temperature was measured for
three days. Four months later, the same experiment was conducted for three days, and the
results were same with that of Table 3.

Table 3 shows the temperature according to time for the four systems with four channels.
There is almost no difference of temperature according to time, and the temperature can be
said to remain constant. This result shows the time-independence of ADC input impedance.
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(Trg; [emperalre | o507 | 7236 60.05 4.02

CH1 94.9 72.2 59.9 3.9

CH2 94.9 72.2 59.9 3.9

St CH3 94.9 723 59.9 3.9

CH4 94.9 72.3 60.0 3.9

CH1 94.9 72.3 60.0 4.0

o CH2 94.9 72.3 60.0 4.0

CH3 94.9 72.3 60.0 4.0

CH4 94.9 72.3 60.0 4.0

CH1 94.8 72.1 59.9 3.6

s3 CH2 94.8 72.1 59.8 3.6

CH3 94.8 72.1 59.8 3.6

CH4 94.8 72.1 59.9 3.6

CH1 94.8 72.1 59.9 3.6

. CH2 94.8 72.1 59.9 3.6

CH3 94.8 72.1 59.9 3.6

CH4 94.8 72.2 59.9 3.6

Mean (°C) 94.85 72.2 59.92 3.78

Error mean(°K) 0.22 0.17 0.13 0.25

Table 2. Calibration Results

True temperature (°C) 95.07 | 72.36 | 60.05 | 4.02 mean
Error mean (°K) 0.22 0.17 0.13 0.25 0.19
Calibrated error mean (°K) | 0.02 0.01 0.04 0.09 0.04
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Table 3. Temperature According to Time

System gﬁ% ?:;i’;ure 1st trial 2nd trial | 3rd trial 4th trial
0.0 16/16 16/16 16/16 16/16
0.1 0/16 0/16 0/16 0/16
St 0.2 0/16 0/16 0/16 0/16
0.3 0/16 0/16 0/16 0/16
0.0 16/16 16/16 16/16 16/16
0.1 0/16 0/16 0/16 0/16
32 0.2 0/16 0/16 0/16 0/16
0.3 0/16 0/16 0/16 0/16
0.0 16/16 16/16 16/16 16/16
0.1 0/16 0/16 0/16 0/16
>3 0.2 0/16 0/16 0/16 0/16
0.3 0/16 0/16 0/16 0/16
0.0 16/16 16/16 15/16 15/16
4 0.1 0/16 0/16 1/16 1/16
0.2 0/16 0/16 0/16 0/16
0.3 0/16 0/16 0/16 0/16
Error 0 0 0.1 0.1
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