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ABSTRACT. This paper presents a simple method based on commercially available cur-
rent feedback operational amplifiers (CFOAs) to realize the readout circuit for measuring
the solution conductivity including the parasitic resistance in the electrode sensor. The
enhanced readout circuit for conductivity measurement in electrolyte solution, compared
with the conventional readout circuit using the op-amp inverting amplifier, offers a tech-
nique for the parasitic resistance compensation to improve the linearity of the measure-
ment results. The proposed readout circuit provides the digital output which is directly
proportional to the conductivity of electrolyte solution. The experimental verification and
the measured results of the method are included in this paper.

Keywords: Readout circuit, Conductivity measurement, Parasitic resistance compen-
sation

1. Introduction. The conductivity measurement is a widespread method for testing the
material property and determining the ability of electrical conductivity in liquid. It is an
indirect measurement and a reliable method, compared with chemical analysis methods.
The application of the conductivity measurement in agricultural purposes is reviewed
by Corwin and Lesch [1]. The conductivity can be used to determine the soil water
content, organic matter, depth to clay-rich layers, and soil salinity [2]. The conductivity
is also useful for monitoring quality of drinking water. It is a basis parameter which
relates to the total dissolve solid (TDS) in water. In the proposed TDS measurement
system [3], two electrodes were used as part of a non-inverting amplifier for measuring the
conductivity. The DC output voltage achieved using a full wave rectifier was calibrated
against a commercial TDS measurement instrument. Furthermore, the conductivity is a
factor for estimating nutrient solution in hydroponic systems [4,5].

Readout circuit designs for measuring the conductivity have been evolved and adapted
in particular purposes. A non-inverting amplifier with electrode sensing element is used
as a current-to-voltage converter. It is designed for conductivity measurement in sea-
water desalination. Results of the different conductivity ranges are measured by the
variable frequency excitation [6]. The current-to-voltage converter is a simple and popu-
lar readout circuit for resistive and electrode sensors. In dairy industries, the conductivity
measurement system is used to detect the bovine mastitis of cows. The system consists of
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current-to-voltage converter and AC-to-DC converter parts. The used platinum electrode
sensor is excited with a 2.4 kHz square wave signal to avoid a polarization effect [7]. In
addition, the intelligent conductivity meter is proposed by Wei et al. [8]. It has been
shown that the design of a bipolar pulse voltage source can be easily adjusted to generate
the excitation signal for electrodes. Recently, the conductivity measurement is applied to
the apparatus for determining salinity in the Kimchi fermentation. Pair of electrodes and
a capacitor are used as a salinity sensing unit. The switching technique of a voltage to
charge and discharge to the capacitor of the salinity sensing unit is used in the proposed
apparatus. The duty ratio of a pulse signal which is applied to controlling the voltage
switching depends on the salinity measured [9].

In the literature mentioned above, the electrodes are used for measuring the conductiv-
ity. The measurement results are inevitable affected by the polarization resistance which
mainly causes the parasitic resistance. The alternating current (AC) voltages are used as
the excitation signal to solve this problem by reducing the accumulation of ions in the
electrodes. However, the parasitic resistance still exists in measuring the conductivity
with the AC excitation signals as reported by Kaewpoonsuk et al. [10]. They verify
the existence of the parasitic resistance by the nonlinear relationship between the voltage
output and the conductivity of solution. In order to improve the linearity of measurement
results, the aim of this paper is to present an analog-technique-based circuit design for the
parasitic resistance compensation of conductivity measurement in electrolyte solution.

The rest of the paper is organized as follows. In Section 2, we show how to find the
parasitic resistance of electrodes. After obtaining a value of the parasitic resistance, we
propose a circuit to compensate for the resistance value as demonstrated in Section 3.
Details of experimental setup and results are shown and discussed in Section 4. The
conductivity measured by our circuit is compared with that measured by the standard
electrical conductivity (EC) meter. Finally, conclusions are given in Section 5.

2. Determining Parasitic Resistance of Electrodes. In this proposed design tech-
nique, we have to know the parasitic resistance of the electrodes before designing the
compensation circuit. Therefore, the parasitic resistance can be determined by measuring

the conductivity in electrolyte solution with the simple readout circuit as shown in Figure
1.
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FiGURE 1. CFOA-based current-to-voltage converter

For experiment setup, the presented circuit has been designed using the commercial
AD844 CFOA powered with £9 V and the 5 kQ resister R; with +1% tolerance. We
prepare the NaCl solution with conductivity in the range of 0.5-5.0 mS/cm. The sinu-
soidal voltage V, with the frequency of 1 kHz and amplitude of 6 V., is fed to input of
the designed CFOA-based current-to-voltage converter. Then, the output voltage V.
is indicated in (1). It can be considered that the resistance Rge,s of the electrode sen-
sor immersed in the solution is the solution resistance R,, which includes the parasitic
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resistance R, as depicted in (2)

‘/out = (Rsens) V'ex (]'>

Rsens - Rsol + Re (2>

From definition, the conductivity ¢ is the ability of ions in solution to conducting
electrical current which can be calculated by the formula ¢ = GK, where the conductance
G is the inverse of the solution resistance R, and K is a cell constant value. The output

voltage V,,; can be revised as
1 Ve
‘/out = (<_> K+ Re) = (3>
g Rl

When we rewrite (3) in a linear equation form of y = mxz+ ¢, according to (4), Ry /K V.,
is a slop and R./K is a y-axis intersection point of the linear equation. If the parasitic
resistance R, disappears, Equation (3) suggests that the inverse of output voltage 1/V,;
will be directly proportional to the conductivity o.

> = () Vo (@)
o KV, K
However, Figure 2 shows the relationship between them is nonlinear. This is because of
the existence of the parasitic resistance R.. As expected, when we plot the results of the
measured output voltage V,,; against the inverse of the conductivity input 1/0, the trend
line of our results is the straight line shown in Figure 3. Thus, the cell constant K and the
parasitic resistance R., indicated in (3), can be determined by the straight line equation.
Its slope and y-axis intersection point are 229.92 and —271.05, respectively. These values
correspond to the cell constant K = 2.044 cm™! and parasitic resistance R, = 554 Q of
the electrode sensor used.
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FiGure 2. Conductivity of solution against the inverse of the measured
output voltage

In short, we present the approach to find the parasitic resistance by the solution whose
conductivity values are known. The important evidence of existence of the parasitic
resistance is the linearity and y-axis intersection point of the plot in Figure 3. After that
the obtained value of the parasitic resistance is used to design compensation circuit so as
to achieve the linear relationship between the voltage output from our proposed circuit
and the conductivity measured by the standard EC meter.
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FiGURE 3. Plot of the measured output voltage against the inverse of the conductivity
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FI1GURE 4. Proposed readout circuit for measuring the conductivity of solution

3. Compensation Circuit Design. In order to compensate for the known parasitic
resistance, we design the current-to-voltage converter as shown in Figure 4. The value of
the resistance Ry has to be adjusted properly, which will be discussed below.

For the operation analysis of the proposed interface, it is assumed that all CFOAs are
well matched. The sinusoidal input voltage V;,, can be stated as

Vin = Asin(wt + ¢) = Asin(2nft + ¢) (5)

where A, f and ¢ parameters are the amplitude, the frequency, and the initial angle of
the sinusoidal input voltage V;,, respectively.
The voltages Vi, V5, and V3, indicated in Figure 4, can be expressed as

Vi (e, (®

Ry
Ry
Vo=|(—75]Vin 7
= (-3 )
When the resistance R3 = Ry, the voltage V5 can be given by
Vi
‘/3 - (Rsens R2) (8)
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Previously, we know that the resistance Rgens = Rsoi + Re in which Ry, = 1/0. Then
the voltage V3 can be rewritten as

e Yo (Do) 0

To compensate the parasitic resistance R, of the conductivity sensor, the condition of
the resistance Ry = R, is allocated. The voltage V3 can be extracted as

K [1 K [1

We will see that the achieved voltage V3 varies with the conductivity o of solution
without the parasitic resistance R.. Its amplitude A is detected by the amplitude detector
which is constructed from the group of electronic components: two op-amps CFOA3 and
CFOA,, four diodes D, and Dy, two resistors Rs and Rg, and a capacitor C';. The output
voltage V4 can approximately be written as

Rg (AK\ 1
Vi — | — | — 11
A R5 <2R1) o ( )

The output voltage Vj is used for the external reference voltage Vs at the AREF
pin on the microcontroller board which has 10-bit ADC on board. We apply an analog

input voltage Vy;,, which is much less than Vy, to an analog pin A0 in order that the
conductivity o is direct proportional to the digital output D,,;. This technique leads to

the digital output D,:
VAin R5 2R1vAin
Dou = == 12
"T Vi Re ( AK ) ? (12)

4. Experimental Setup and Results. To verify the performances of the proposed
readout circuit, the circuit in Figure 4 was experimentally implemented using commercial
AD844 CFOAs, 1N4148 diodes, a 16 x 2 LCD with 12C interface, and an Arduino Nano
microcontroller board. The values of the electronic components used were set as Ry =
Rs =5kQ, Ry = R, 2554 Q), Ry = Ry = 1 kQ, Rg = 50 k2, and C} = 1 pF while all
CFOAs are powered by +9 V power sources. The electrode sensor used is made from two
carbon rods which have the distance of 1 cm. The resin is used for handling construction to
keep the distance between two carbon rods stable. In this experiment, the NaCl solution
with conductivity of 0.5-3.5 mS/cm was prepared. We fixed 1 kHz frequency and 6 V,,,
amplitude for the sinusoidal input voltage V;,.
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FiGURE 5. Relation between the conductivity input and measured digital output
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FIGURE 6. Results from measuring the input and output of conductivity values
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FI1GURE 7. Error between the input and output of conductivity values

The plot of the measured digital output D,,; against the conductivity input measured
by standard EC meter is shown in Figure 5. It should be noticed that the proposed readout
circuit can produce the digital output D,,; which is linearly related to the conductivity
input without the parasitic resistance of the electrode sensor. Figure 6 demonstrates
the conductivity input of electrolyte solution against the conductivity output measured
by the proposed circuit. The error from comparison between the input and output of
conductivity values, plotted in Figure 7, is in the range of —0.04 to 0.07 mS/cm over the
entire range being investigated.

5. Conclusions. A simple technique for circuit design to compensate the existence of the
parasitic resistance in the electrode sensor has been described in this paper. The proposed
readout circuit for conductivity measurement of electrolyte solution is mainly composed
of a current-to-voltage converter with parasitic resistance compensation, an amplitude
detector, and an Arduino Nano microcontroller board. The circuit can produce the digital
output which is directly proportional to the conductivity input. Finally, the conductivity
measured by the proposed circuit is in good agreement with that due to the standard EC
meter. A maximum error of measuring the conductivity over the investigated range is
2.23% of full scale. Moreover, we expect that our circuit analysis would be adapted to
other different electrode designs.
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