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Проаналізовано варіанти побудови вимірювальних 
перетворювачів «імпеданс-напруга» на основі пасивних 
та активних перетворювачів з контактними чотириелек-
тродними сенсорами, які забезпечують режим заданого 
струму або режим заданої напруги. Наведено електрич-
ну схему заміщення чотириелектродного первинного пере-
творювача, яка враховує приелектродний імпеданс та 
імпеданс контрольованого об’єкта між всіма електрода-
ми, а також відповідна математична модель

Ключові слова: ємнісний сенсор, перетворювач, елек-
трична модель, ємність подвійного шару, неінформатив-
ний імпеданс

Проанализированы варианты построения измеритель-
ных преобразователей «импеданс - напряжение» на основе 
пассивных и активных преобразователей с контактными 
четырехэлектродной сенсорами, которые обеспечивают 
режим заданного тока или режим заданного напряжения. 
Приведена электрическая схема замещения четырехэлек-
тродного первичного преобразователя, которая учиты-
вает приэлектродном импеданс и импеданс контроли-
руемого объекта между всеми электродами, а также 
соответствующая математическая модель

Ключевые слова: емкостной сенсор, преобразователь, 
электрическая модель, емкость двойного слоя, неинфор-
мативен импеданс

УДК 658.62:658.562

1. Introduction

Electrophysical parameters monitoring of nonelectric 
products (granular materials, liquids) by means of primary 
capacitive transducers is much extended today. The reason 
is realization measuring procedure efficiency, simplicity and 
providing of high metrological specification. Nowadays, the-
re are many various conductometric cells based on capacitive 
sensors of different engineering design for monitoring the 

parameters regarding electric conductivity [1]. There are 
mainly two-electrode and four-electrode capacitive sensors 
with the fixed constant of cell. They are used with appro-
priate measuring devices (conductometers) as well as with 
traditional meters of impedance and admittance parameters 
[2]. As an informative parameter of these sensors is the imp-
edance of a cell with the monitored object, there is a problem 
of near-electrode effects. The measured parameters that 
specify electroconductivity of these sensors with the monit-
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ored object make it possible to detect changes in its internal 
structure, identify various examples of production, monitor 
their quality, meanwhile using for comparing the basic mod-
els with known metrics of analogical parameters.

2. Analysis of the data literature and problem formulation

One of the problems of electrophysical parameters me-
asuring by means of contact primary transducers is depe-
ndence of a measuring result on near-electrode impedance 
[3]. The result depends on electrodes material, level of their 
contaminant and oxidation before measurement, test signal 
amplitude and frequency, concentration and mobility of ions, 
temperature of the monitored object etc. [4, 5]. The main 
influential factor in the process of polar objects parameters 
monitoring is near-electrode capacity, which is created on 
the boundary “electrode-monitored object” [3]. This influe-
nce is absent in the case of monitoring the nonpolar objects 
parameters.

For decreasing of double layer capacity influence in con-
ductometers with two-electrode sensors we use a high-freq-
uency signal. However this method cannot be used anytime 
and besides that high-frequency measurement creates new 
problems. The use of four-electrode sensors that have current 
and potential electrodes enables eliminating the near-elect-
rode impedance effect at all without linking to signal freq-
uency. Efficiency of employing such four-electrode sensors 
depends on measuring means of their parameters [6].

Another problem in many cases beside uninformative im-
pedance influence is providing an appropriate measurement 
mode during a measuring experiment, such as mode of given 
current or that of preset voltage. Not constantly we can get 
it using traditional meters or we don’t pay attention to it. 
Simultaneously some objects parameters depend exactly on 
the given mode of measurement.

The main objective of the research is providing of result 
invariance to near-electrode impedance as uninformative 
parameter.

To achieve the main objective, it is necessary to build 
transducers of „impedance-voltage-with four-electrode sens-
ors, that will provide a result invariance of the measurement 
to the near-electrode capacity and to the change of signal 
parameters.

3. Electric models of capacitive sensors at alternating 
current

Electric model of a two-element sensor at alternative 
current is demonstrated on Fig. 1.
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Fig. 1. Electric model of two-element sensor

Impedances Z1 , Z2 are created by double layer capaci-
ties C  of electrodes 1 and 2, impedance Z  which includes 

Warburg impedance and impedance characterizing electro-
chemical reaction [7, 8]. Impedance Zx  – impedance of the 
monitored object.

Transducer of such sensor parameters into voltage which 
provides the mode of given current is shown in Fig. 2.
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Fig. 2. Transducer of two-electrode sensor parameters with 
mode of given current

Current passing through the sensor is given by the resist-
ance R0  and voltage at the output of this transducer
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if Zx  is defining only by active resistance Rx , impedances  
Z1, Z2  – only by double layer capacitances C1  and  
C2, then
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As was mentioned above, one of the variant of provi-
ding the result invariance to uninformative impedance is 
frequency enhancement of a test signal when indexes of 
double sphere capacity and measuring resistance are con-
stant. In this case the measurement error is supposed to be 
defined by relation of uninformative impedance to informat-
ive parameter at the selected frequency of measuring.

The most prevailing construction of a contact four-elect-
rode sensor is that demonstrated in the Fig. 3.

21

3 4

Fig. 3. Scheme of four-electrode contact capacitive sensor

Electrodes 1, 2 (Fig. 3) are electrodes through which the 
electric signal of the specified level and frequency is supply-
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ing to the monitored object, and electrodes 3, 4 are used to 
create a voltage drop at the part of the monitored object that 
corresponds to the distance between them.

Accordingly to such constructive design of a contact se-
nsor, the electrical scheme of substitution (model) will have 
the following shape demonstrated in the Fig. 4.
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Fig. 4. Scheme of four-electrode sensor substitution

In this case the scheme of four-electrode capacitive 
sensor substitution also includes impedances ′Zx  and ′′Zx . 
These last impedances are the impedances of the monito-
red product that is located between electrodes 1 – 3 and  
2 – 4.

Zx  is measuring impedance of the monitored object that 
is located between electrodes 3 and 4. These mention impe-
dances depend on geometric size of electrodes and distance 
between them.

Putting into operation of two potential electrodes 3 and 
4 results in creating of double sphere capacities, but signifi-
cant decrease of their effect in comparison with other unin-
formative parameters can be attained by means of reducing 
the area of appropriate electrodes. All indicated impedances 
of this demonstrated scheme are uninformative except imp-
edance Zx .

Result invariance of measurement to uninformative 
parameters is providing by the voltage measurement Ux  on 
the potential electrodes 3 and 4 with the given current 
Ix  through the monitored object between electrodes 1 and 
2. Accordingly to results of voltage measurement for given 

current, we get impedance Z
U
Ix

x

x

= . To wit, the result mea-

sured voltage will be proportional to impedance of the mon-
itored object: U I Zx x x=  [6]. We can realize this by means of 
connecting the sensor X  with the monitored object to the 
current source CS and voltage measurement by voltmeter 
V [7] (Fig. 5).

Fig. 5. Transducer of four-contact sensor parameters into 
voltage

In accordance with the mentioned above for realization 
of given current mood we need the current source CS of a 
sine signal and voltage meter of alternating current B. At 
the same time for ensuring of result invariance to effect of a 
voltage meter the last must have high input resistance at the 
frequencies of the selected bandwidth. 

Accounting mentioned above the result of impedance 
measuring will depend on stability of current through the 
object but it’s not simply realized within wide bandwidth.

Let consider the variants of construction of the transd-
ucer ”impedance-voltage” with four-electrode sensors that 
provide the result invariance both to uninformative impeda-
nces and to signal source parameters.

4. Invariant transducers “impedance-voltage”

Let consider the variants of construction of a transducer 
with four-electrode sensors that realize the method of direct 
transformation ”impedance-voltage” [9, 10] on the basis of 
passive and active transducers. 

Passive transducer differs from active one by the fact that 
its measuring object and standard element are not feedbacks’ 
components of active elements (operative amplifiers OA) but 
connected to the circuit of signal source SS [11, 12].

For the purpose of providing result invariance of measu-
ring to the change in signal parameters, a standard element 
is switching on consistently with the sensor with further 
measuring the voltage on it. 

This method scheme on the basis of a passive transducer 
is described in the Fig. 6.

Fig. 6. Passive transducer with mode of given current

The relation of voltages U I Zx x x=  and U I Rx0 0=  that 
are measured by voltmeters В1 and В2 gives proportional 
relation of impedance of the monitored object to active resi-
stance (capacitor can be used as standard element):

U
U

Z
R

x x

0 0

= , (4)

in the Fig. 7 there is a scheme of providing the given cu-
rrent mode with using the active transducer and voltage  
source UT .
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Fig. 7. Active transducer with mode of given current

The mode of given current is providing by the resistor 
R0 . Result invariance of uninformative impedance is pro-
viding in this case excluding the uninformative impedances 
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Z1  and Z2  from the feedback circuit OA1, and elements of 
negative feedback OA1 are only Zx  and R0 . Impedance Z1  
does not impact practically on the result because potentials 
of electrodes 1 and 2 under such switching are virtually 
identical.

Impedance Z2  is not included in negative feedback circ-
uit OA1 but added to output resistance OA1. High-resista-
nce input is provided by means of a follower on OA2 which 
is connected to transducer output.

Taking into account mentioned above information we 
will get:

U U
Z
Rx

x= 0
0

. (5)

These transducers help to provide the mode of given 
current via sensor. Mode of given current is mainly used 
for measuring the electrophysical parameters of low-resist-
ance objects (water and water solution, dairy products and  
acids etc.).

A lot of objects of electrical and nonelectrical nature re-
quire also mode of preset voltage which as mentioned above 
can impact on parameters of object in many cases. This mode 
is also used for measuring the parameters of high-resistance 
objects (petrol, lubricants, oils etc.).

In the Fig. 8 is shown the scheme of a transducer which 
is providing the mode of preset voltage on the sensor with 
using a passive transducer. 
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Fig. 8. Passive transducer with mode of preset voltage

Consecutive connection of sensor X and standard resist-
or R0  is connected to voltage source of level UT . Reference 
voltage U0  of such transducer is voltage on the resistance R0  
which we can describe by next formula:

U U
R

Z Z Z RT
x

0
0

1 2 0

=
+ + +

, (6)

informative voltage is creating as result of voltages subtra-
ction
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Z Z R

Z Z Z RT
x

x
1

2 0
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=
+ +

+ + +
 (7)

and
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Z R

Z Z Z RT
x

2
2 0

1 2 0

=
+

+ + +
, (8)

so informative voltage

U U
Z

Z Z Z Rx T
x

x

=
+ + +1 2 0

. (9)

Dividing voltage (9) by voltage (6) gives deduction (4) 
which is providing result invariance to the voltage source 
and uninformative parameters.

If we use current source instead of voltage source  
(scheme in the Fig. 7) we get a transducer providing the 
given mode of current.

In the Fig. 9 passive transducer is shown which is pro-
viding voltage regime directly on the divider that contains 
measuring impedance and standard resistance.

xU
TU OA3 

OA1 

2
2U

0R

xZ 2Z
1Z
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1

3

4

OA2 

Fig. 9. Passive transducer with mode of preset voltage

Voltage U1  on the divider by means of a follower on 
OA1 repeats voltage of a voltage source (by this way we can 
remove effect of impedance Z1, and effect of impedance Z2 is 
removed by his switching on consistently with high-resista-
nce input of a follower on OA3). 

Reference voltage of such follower is voltage on resis-
tance

U U
R

Z RT
x

0
0

0

=
+

. (10)

Informative voltage is creating as result of subtraction of 
voltages U1  and U0  by a differential amplifier on OA3. In 
this case we get:

U U
Z

Z Rx T
x

x

=
+ 0

. (11)

Division of voltages (11) by (10) gives us again next for-
mula (4), proving the result invariance to voltage source and 
uninformative parameters.

Advantage of such passive transducers over the transdu-
cer shown in the Fig. 6 is that voltages have common point.

The scheme of an active transducer providing the mode 
of preset voltage directly on the measured impedance Zx  is 
shown in the Fig. 10.

OA2 
xZ 2Z1Z

0R
TU

xU

0U
OA1 

3 4

1
2

Fig. 10. Active transducer with mode of preset voltage

Uninformative impedance Z1  effect is eliminated by 
the voltage follower on OA1, and impedance Z2  effect – by 
means of bringing it out of feedback circuit OA2. In this 
case we get
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U U
R
Z

U R Yx
x

x= − = −0
0

0 0
. (12)

As reference voltage we use voltage on the output of  
a follower that is the source voltage.

5. Conclusions

Different variants of transducers, that provide result 
invariance to uninformative impedance, particularly to the 
capacity of a double layer, created in the case of measuring 
the polar liquids, or to the remains of the product of previous 
measuring in the case of measuring the nonpolar liquids are 
constructed.

Transducers of ”impedance-voltage” of nonelectrical 
nature objects can be used for designing the devices of 
monitoring the parameters of liquids quality by reactive 
and active components of complex conductivity within the 
audio-frequency range simultaneously providing the mode 
of preset voltage and given current. The most effective way 
to remove the effects of uninformative impedance is the use 
of four-electrode scheme.

As you can see a given current mode is mainly used to 
measure the electrophysical parameters of low-resistance ob-
jects (water and aqueous solutions, acids, etc.), and in case, 
for measuring parameters of high- resistance objects use the 
a preset voltage mode. 

Simultaneously transducers provide result invariance to 
parameters of a test signal.

Література

1. Murty, D. V. Transducers and Instrumentation [Text] / D. V. Murty. – PHI Learning Private Limited, New Delhi, 2012. – 723 p.

2. Головко, Д. Б. Методи та засоби частотно-дисперсійного аналізу  речовин та матеріалів: - Фізичні основи [Текст] / Д. Б. Го-

ловко, Ю. О. Скрипник. – К.: ФАДА, ЛТД, 2000. – 200 с.

3. Бондар, О. М. Аналіз перехідних процесів при визначенні електропровідності рідин контактним способом [Текст] /  

О. М. Бондар, Н. О. Перепич. – КНТУ, 2012. – С. 3–8.

4. Riaz, Ahmed, Kenneth, Reifsnider Study of Influence of Electrode Geometry on Impedance Spectroscopy [Text] / Ahmed Riaz,  

Reifsnider Kenneth // ASME. – 2010. – Vol. 2. – P. 167–175.

5. Mesin, L. Effects of transducer size on impedance spectroscopy measurements [Text] / L. Mesin, M. Scalerandi // Phys. Rev.  

E 85 – 051505. – 2012. – P. 051505-1-051505-9.

6. Mei, Qin Design of transducer structure parameters and materials characteristics analyses for electrical capacitance tomography 

system [Text] / Qin Mei. – Proc. SPIE 7528. – China, 2010. – 6 p.

7. The Impedance Measurement Handbook. A Guide to Measurement Technology and Techniques [Text] / Agilent Technologies, I 

nc. Printed in USA, 2006. – Р. 5950–3000.

8. Дамаскин, Б. Б. Электрохимия [Текст] : 2–е изд., испр. и перераб. / Б. Б. Дамаскин, О. А. Петрий, Г. А. Цирлина. – М.: Химия, 

Колосс, 2006. – 672 с.

9. Походило, Е. В. Малогабаритные измерители CLR – параметров прямого преобразования [Текст] : автореф. дис. … канд. техн. 

наук: 05.11.05 / Е. В. Походило // Львов. ЛПИ, 1990. – 17 с. 

10. Походило, Є. В. Вимірювачі CLR з перетворенням «імітанс–напруга» [Текст] / Є. В.Походило, В. В. Хома. – Видавництво 

Львівської політехніки, 2012. – 292 с.

11. Григорчак, І. І. Імпедансна спектроскопія [Текст] : навч. посіб. / І. І. Григорчак, Г. В. Понеділок. – Львів: Видавництво Львівсь-

кої політехніки, 2011. – 352 с.

12. Lvovich, V. F. Impedance spectroscopy. Application to Electrochemical and Dielectric Phenomena [Text] / V. F. Lvovich. –  

New Jersey: A John Wiley & Sons Inc., 2012. – 350 p.


