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Abstract

The objective of the study is to develop a method for determining the capacity-voltage
characteristics of the biological object implemented in the computer appliance of
characteristics of the biological object. The method is that the biological object is
energized via the electrodes with predetermined amplitude and frequency, and then
the amplitudes of the harmonic voltage of the other electrodes are measured. Based on
these data, the inverse problem of harmonic balance is solved and the approximation
coefficients of the expression describing the desired capacity-voltage characteristics
of the biological object, i.e., dependence of its non-linear capacity from the current
flowing through a biological object, are determined. The effect of the degree of
approximation expression on the error of the measurement result has been studied.
The developed method has shown in the model its applicability for determining the
capacity-voltage characteristics of biological objects while maintaining acceptable
accuracy.
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1. Introduction
The capacity-voltage characteristics (CVC) of the biological object (BO) includes an
important diagnostic information. The developed method allows determining CVC,
which may further infer either presence or absence of abnormalities in the studied BO.
Tissues of the body [1] consist of structural elements - the cells that are
washed with well-conductive tissue fluid. Cytoplasm inside the cell is also a good
conductor. A poorly conductive layer of the cell membrane separates them. This
system has a capacitance which is caused by the presence of structural features of its
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membrane. Lipids are arranged in the membrane in the form of a bimolecular layer
and cause high electrical resistivity of biological membranes, which is about 10’
ohm-m, and a large specific capacitance (5 10° F/m?). Thus, the biological membrane
may be considered as an electrical capacitor, which conducting plates form
electrolytes of external and internal solutions (cytoplasm and extracellular solution).
The conductors are separated by the lipid bilayer, which plays the role of a dielectric
with a dielectric permittivity equal to 2. Features of such structure of biological
tissues also provide the body with capacitive properties. Living tissue, in the modern
view, have no inductance.

The impedance of biological tissues can be modeled using the equivalent
electrical circuits [1]. They represent different combinations of the capacitor C and
the resistors R. The Figure la shows the simplest equivalent circuit consisting of
series-connected resistive and capacitive reactance. This circuit describes the
electrical properties of superficial tissues.
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Figure 1. Equivalent circuits of BO

Parallel connection of the ohmic R and capacitance C resistance is typical for
deep-lying tissues (Fig. 1Db).

The skin and subcutaneous tissue layers may be represented by the circuit with
significant capacity C, connected in series with a small resistance R, of about 100
ohms [2, 3], and in parallel with high resistance R; of about 5000 ohms (Figure 1c).

Figure 2 shows the impedance-frequency relationship for living (a) and dead
(b) biological tissue.
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Figure 2. Impedance relationships of living and dead biological tissue
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Frequency dependence of the impedance allows estimating the viability of
tissue that is used to define the boundaries of necrosis and the transplantability of bio-
substances.

Since the parameters characterizing the electrical properties (conductivity,
capacitance, dielectric permittivity, impedance, etc.) of organs and tissues, depend on
their physiological state, the may serve as its indicators, that may be used in the
various studies. For example, the resistance of the object at low frequencies can serve
as a measure of membrane permeability to different ions, which electrical properties
change due to pathological processes in the tissues.

Thus, the initial stage of an inflammatory process is characterized by cell
swelling, decreasing in the volume of intercellular space, which results in increased
ohmic resistance. More advanced stages of inflammation are characterized by deep
structural changes, increase in cell permeability, which is accompanied by a decrease
in capacitance and resistance. Therefore, changes in the electrical parameters of the
BO may serve as an indicator for diagnosing the inflammatory processes.

Known methods of impedance measuring [4] help to determine its active and
reactive (capacitive) components, and not designed to define with CVC the internal
regions of BO, information on which could serve for diagnostic purposes [5, 6],
according to the authors.

2. Methods of harmonic balance
Method of harmonic balance (MHB) is used to investigate nonlinear circuits [7, 8].
The direct problem of HB is to determine voltage form in the non-linear element
(NLE) [9] with its known current-voltage characteristic, amplitude and shape of the
current flow. The idea of the method is based on the decomposition of periodic
dependence functions of the current applied to the NLE and the voltage across it in a
Fourier series. The unknown variables in a nonlinear electrical circuit are non-
sinusoidal in general and contain an infinite spectrum of harmonics. An expected
solution can be represented as the sum of the primary and high-order harmonics. By
substituting this sum into a non-linear differential equation written for the unknown
quantity, and setting the coefficients in the resulted expression equal to the harmonics
(sine and cosine functions) of the same frequency in its left and right sides, we obtain
a system of n algebraic equations, where n - number of harmonics recorded. Solving
the system of equations, we obtain the required unknowns. The basis of this method is
the inverse problem of the MHB, which is to determine the unknown current-voltage
characteristics in the NLE with a known form of the current flowing through it, the
shape and amplitude of the voltage in the NLE.

Solving the direct problem of HB allows determining the form of the voltage
loss u(t), in the BO, with nonlinear capacitance (NLC), presented in the form of a
chain model (fig. 1c), by means of Fourier series expansion:

U®)=3U ., sin((2m-ot), (1)

where U@m-1y - an amplitude of (2m-1) voltage harmonic. At the same time, the form
and amplitude of current I, flowing through the NLC are known:



6492 Lankin Anton Michailovich et al

i(t) = I,sin(wt)
as well as NLC CVC, defined by the approximated expression:

Cu)= Yk, u", ©)

where k,, — coefficients of CVC approximating expression, m = (1,n), u- voltage in

the NLC.

The inverse problem of HB for determining NLC CVC is formed as follows.
There is a NLC with unknown CVC, the laws of variation of the current flow (2) and
the voltage loss in the NLC (1) are known. It is required to determine the coefficients
kn of the CVC approximating expression (3).

Let us write an equation of parallel-connected chain, NLC and active
resistance R (according to the circuit in Figure 1) neglecting the voltage loss in R, and
denoting R=R;:

)

. u du
it)=—=+C—
R dt (4)
We rewrite it based on the known laws of change of current (2) and voltage
(1):
YU 0 sin((2m-1)ot)
I, sin(ot) = 2= - +

d(3U 0. SiN(@M—1)ct))

Knowing the n degree of CVVC approximating expression, we set n value of the
argument of the sine function in equation (5). We obtain a system of n linear
equations. The obtained system of equations has known current amplitude l,,, the
amplitude of the voltage harmonics U@m.1), the value of active resistance R and the
value of the angular frequency of current flow ®. These values can be measured
during the BO test. Solving this system of equations, we obtain the coefficients ky, of
the CVVC approximating expression (3).

Let us consider examples of direct and inverse problems of HB:

1. We take an equation of circuit (4).

2. We  set 1=0.01-sin(ot), =3.14-2-50000  rag  and

R =5000 Ohm, as well as the expression of an analytical approximation of the
nonlinear dependence of the BO capacitance on voltage:

C=10"u>. (6)
3. We write down an expression of the unknown value in the form of a finite
Fourier series with unknown amplitudes of Uy, voltage harmonics (with two terms
limited in this example):

u(t)=U, sin(wt)+U, sin(3mt) @
where U;, Uo— the unknown amplitudes of voltage harmonics.
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4, We substitute the expressions (6) and (7) in the equation of circuit (4):
: U, siat)+U, sir3umt : :
,-siffat) == e S &l )+101°(Uls|r(wt)+U2sn(S’cot))2 X
d(U, sin(et)+U, sin(3ot))
X
dt (8)

5. We substitute the known values of the amplitude of the current I, frequency
@ and resistance R in the resulting expression (8).
6. We give two values of the argument (n/4 and 3n/4) and draw up a system of
equations with the expressions (8).
7. We solve a system of equations with respect to U;, U,, using the Maple

program [10] (Figure 3).
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Figure 3. Maple program listing in determining U;, U,
8. We obtain an expression of voltage in the form of a Fourier series:
u(t)=8.77-sin(wt)+1.21-sin(3wt) )

We solve the inverse problem using the results the HB direct problem:

1. Let us substitute the laws of current 1=0.01-sin (a)t) and voltage change
(9) into the equation of the chain (4), carry out the differentiation and obtain as
follows:
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0.01-sin(et) = 8.77-S|n(cot23;010.21-sm(3oat)

x©-8.77-cos( ot ) +3,63- - cos(3nt)
2. We solve this equation with respect to k (Maple program listing in Figure 4)

+k(8.77-sin(ot)+1.21-sin(30t))*
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Figure 4. Maple program listing in determining k

3. We obtain an expression of the dependence of BO capacity on the voltage:
C =9.967-10"u?,
The above examples have shown the applicability of the HB inverse problem

in determining the BO CVC. At the same time, the error in determining the coefficient
of approximating CVC was less than 2%.

3. Experimental studies
The method for determining BO CVC was studied in the model of circuit simulation
package MicroCap [11, 12]. The Figure 5 shows the experimental circuit.
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Figure 5. BO equivalent circuit model

A BO model contains series-connected NLC with the predetermined

-10,,2
characteristic C =107 U and active resistance R; of 5000 ohms. BO is energized
with frequency of 50 Hz and amplitude of 0.01 A.
The Figure 6 shows the forms of current applied to the BO and voltage in the

BO. As can be seen from the figure, the current is sinusoidal, and the voltage has non-
sinusoidal form.

L mA U,B
12 12
6/ INETO RN U \ 6
0/ ' 0
6 . _ ' ' 6
12 ' ' | 12

20 40 60 80 tus

Figure 6. The forms of current applied to and voltage in the BO

The Figure 7 shows the spectrum of voltage in the BO. The figure shows that
high-order harmonics can be determined from the first to seventh in addition to the
first harmonic of voltage.
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Figure 7. Spectrum of voltage in the BO

Determination of the estimated BO CVC is carried out using the proposed
method based on the HB inverse solution. For this purpose, we define amplitudes of
voltage harmonics from the spectrogram. The initial data for the HB inverse solution
are shown in Table 1.

Table 1 - The initial data for the HB inverse solution

Parameter | 15, A R,Ohm |U,V |UsV |UsV U,V
Value 0.01 5000 10.839 | 1.649 | 0.875 0,35

Let us solve the HB inverse problem using the proposed method:
1. We write down an expression for the form of voltage in the BO as a Fourier
series

u(t) =1083%ir{ t)+1.64%ir(3ct) +0.875sir(5et) +0.35sir(7eot) (10)

2. We substitute the expressions (10), the value of active resistance R, ®
frequency and amplitude of the current I,. into the equation of the chain (5).
Calculations are performed with the Maple software package. The Figure 8 shows the
listing.
3. After solving the resulting expression with respect to k, we received:

C =9.8-10"u’.

The computation error of the coefficient of approximating BO CVC does not
exceed 2%.
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Figure 8. Maple program listing
3. Conclusion:

The paper shows the lack of methods for measuring active and reactive (capacitive)
components of impedance of internal regions of the BO. It has been suggested to use
the solution of the inverse problem of harmonic balance in order to achieve this goal.
We carried out mathematical analysis of the inverse solution of harmonic balance and
a simulation experiment using a model of circuit simulation package Micro-cap. The
calculations were performed using the Maple package. The results obtained show that
the proposed method of measuring the CVC based on the inverse solution of
harmonic balance, allows obtaining the BO characteristic with an error of less than
2%.
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