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1. Introduction

The conventional Cuk converter is well known in the realm 
of DC-DC converter applications. This converter possesses 
most of the features of the basic DC-DC converters. It is effi-
cient, small in size and weight, inexpensive, reliable, has a sim-
ple control circuit, etc. The basic converters, i.e., buck, boost, 
and buck-boost, as well as the conventional Cuk converter, rely 
on storing energy in an inductor or capacitor. Therefore, the 
main disadvantages of all transformer-less DC-DC convert-
ers including the conventional Cuk are the limitation of their 
application to low to medium power and the lack of isolation 
between the input and output sides. To overcome these draw-
backs, some design modifications are necessary. One of these 
modifications is to use a transformer by inserting it into the 
converter structure to maximize its output power and to sepa-
rate the output side from the input side. In addition, feeding of 
some applications required DC-DC converters with more than 
one output besides the high power ability. For example, the 
modular multi-level CHB inverter is used in a wide variety of 
applications. It has been used successfully in high-power appli-
cations over the years [1, 2]. It necessitates multiple isolated in-

put power supplies, which vary depending on the number of its 
levels. In some cases, controlled DC power supplies from DC-
DC converters are used to power its input, but this increases 
the overall cost of the system and also decreases its reliability. 
It is therefore a major challenge for the switch-mode DC power 
supply designer to develop a converter with the ability to pro-
vide a high level of power with more than one output and each 
separately from one another and also from the input size based 
on only one power semiconductor switching device.

2. Literature review and problem statement

Many DC-DC converter topologies consisting of a sin-
gle input and multiple outputs, which are based on buck, 
boost, buck-boost, Cuk, etc. are discussed in the literature. 
Most of these topologies have limited output power and no 
isolation property. A non-isolated DC-DC converter with 
a single input and double output (SIDO) was developed on 
the basis of the Cuk and SEPIC converter and highlighted 
in [3]. In [4], a novel DC-DC converter with a single input 
and multiple-output is proposed based on a boost converter, 
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Among the transformer-less DC-DC converters, the supe-
riority of the conventional Cuk converter is obvious in its 
good properties. However, the output power is limited for all 
transformer-less converter types including the conventional 
Cuk converter. In order to get more supplied power from this 
converter, some changes in its design were necessary. One of 
these modifications is to add a transformer to transfer more 
power and to separate the output side from the input side. 
Supply of some applications such as the DC link of modular 
multilevel inverters, e. g. cascaded H-bridge (CHB) topolo-
gies required more than one output. Hence, this paper is con-
cerned with the design, analysis and simulation of an isolated 
dual-output modified Cuk converter. The proposed converter 
is designed to deliver a total output power of 2,000 W using 
only one modulating switch. A complete design and detailed 
analysis of the high-frequency transformer with the ANSYS 
Maxwell platform is presented in this paper. The model-
ing and simulation results of the high-frequency transform-
er are validated by the experimental implementation results 
and good agreement was obtained with a small percentage 
of errors less than 4 %. A set of analytical equations has been 
derived and presented in this paper to represent a mathemat-
ical model of the converter. In addition, the entire converter 
circuit was simulated and analyzed with MATLAB/Simulink. 
The simulation results were checked and compared to the 
findings of the mathematical model, yielding an excellent 
match with a percentage error of less than 2.15 %. Finally, 
when the presented converter was tested under various loads, 
including unbalanced load situations, a reasonable output 
voltage regulation was achieved, with the two output voltag-
es being nearly identical with a deviation of less than 0.25 % 
under a severe unbalanced load condition of 150 %
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but also with limited power capabilities and lack of isolation. 
A DC-DC converter limited to 180 W with two outputs is 
presented in [5] by coupling a SEPIC and a high-voltage 
multilevel boost converter, but the outputs are not isolated in 
this converter as well. The same system, but based on a buck-
boost converter is explained in [6], while a buck non-isolated 
converter with double outputs and one input is presented 
in [7]. A non-isolated single-input and three-output DC-DC 
converter is provided in [8]. The presented converter has four 
switches and is also based on a buck converter. The non-iso-
lated solar-powered zeta-buck-boost and SEPIC-Cuk are 
discussed in [9] for low power application. A simulation-based 
study is performed in [10] to obtain a mathematical model and 
a stationary model of a low-power Cuk converter-based LED 
drive using MATLAB software. The model was used to study 
the transient and steady state voltage and current properties. 
In addition, a control of the Cuk converter was developed in 
order to provide a constant voltage at the output regardless 
of the variation in the output parameters. For applications 
with low power consumption, a new protocol topology called 
isolated Cuk converter is introduced, which is fed to a BLDC 
(brushless direct current) motor drive [11]. The intermedi-
ate DC link voltage of the voltage source inverter, VSI, was 
controlled to regulate the speed of the BLDC machine. A 
modified Cuk converter for driving a 
switched reluctance motor (SRM) is 
proposed in [12]. In a similar vein, an 
isolated dual-output Cuk converter 
as the front-end converter for SRM 
drive is introduced in [13]. In ad-
dition, the proposed converters are 
used as a power factor correction 
(PFC) to improve the quality of the 
AC source. The modified converter 
configuration consists of two Cuk 
converters and each of them works 
separately for two half cycles of the 
supply voltage. The proposed con-
verter generates two identical volt-
ages via two output capacitors in 
order to feed a split-capacitor con-
verter of a 4-phase SRM drive.

In [14], a generalized circuit av-
eraging technique is used to obtain 
the frequency response of the open-
loop transfer function for Cuk and 
SEPIC converters. The behavior of 
the converters in continuous current 
mode (CCM) was simulated with 
the LTSPICE software package. The 
paper concluded that the derived 
averaged models of the converters 
contribute to faster and easier simu-
lation. A general overview of multi-
ple-input DC-DC topologies is pre-
sented in [15], and another survey 
for single-input DC-DC topologies 
used with a microgrid DC system is 
done in [16]. Similarly, an overview 
of DC-DC converters using sin-
gle-input multiple-output technol-
ogy for low-power applications that 
are limited for LED lighting control 
is presented in [17].

The isolated single-input single-output Cuk converter 
is discussed in [18], and is considered an ideal solution for 
applications where isolated DC links are required. A Cuk 
converter with multiple isolated outputs and limited power 
capabilities is proposed in [19]. A non-isolated single-input 
multiple-output converter based on a hybrid converter 
configuration, which is designed by combining Cuk, boost 
and SEPIC, for renewable energy applications is proposed 
in [20]. This design uses only one switch but it does not 
provide isolation.

Table 1 summarizes the key features of the listed cited 
sources as well as their major drawbacks from the viewpoint 
of this work. It is clear that most of the earlier works in the 
literature either have multiple outputs but limited power 
rating or no isolation. In addition, some of these works have 
many modulating switches that complicate the gate drive 
circuit and incur additional losses, as well as the complexity 
of the transformer design in some of them.

Accordingly, the focus of this study is to show the design 
and simulation of a high-power 2,000 W SIDO isolated 
modified Cuk converter based on only one switching device. 
In the proposed converter, each output, as well as the input 
side, are completely isolated. It is, therefore, suitable to feed 
the intermediate circuits of a modular CHB inverter.

Table 1

A list of the most important points in the stated literature

Ref.
Converter 

Type
Switches 
number

Power 
Rating

Galvanic 
Isolation

SIMO
Main drawbacks compared 

to the present work

[3]
Cuk, 

SEPIC
2 Low No Yes

Low power, no isolation, 
more than one switch

[4]
Modified 
DC-DC

2 Low No Yes

[5]
SEPIC/

Boost
1 Low No Yes

Low power, no isolation
[9]

Modified 
DC-DC

1 Low No Yes

[6] Buck-boost
3for double 

output
Low No Yes

Low power, no isolation, 
large switches number

[7] Buck 4 Low No Yes Low power, no isolation, 
large switches number, 

i/p current discontinuity [8]
Modified 

Buck
4 Low No Yes

[10] Cuk 1 Low No No Low power, no isolation, 
SISO[14] Cuk 1 Low No No

[11]
Bridgeless 

isolated 
Cuk

2 Medium Yes Yes
two switches, complexity 
of HF transformer design

[12]
Modified 

Cuk
1 Low No Yes

Low power, no isolation, 
two outputs with a com-

mon point

[13]
Modified 

Cuk
1 Medium Yes Yes

two outputs with a com-
mon point, high power 

not investigated

[18]
Isolated 

Cuk
3 for 

forward
High Yes

No, 
SISO

large switches number, 
SISO

[19]

Cuk, 
Flyback 
Forward, 
SEPIC

1 Low Yes Yes
Low power, complexity of 

HF transformer design

[20]
Cuk, 

SEPIC
1 Low No Yes Low power, no isolation

Present 
work

Modified 
Isolated 

Cuk 
1 High

Fully isolat-
ed each o/p 

and i/p
Yes –
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3. The aim and objectives of the study

The aim of this study is to develop and evaluate a 
new SIDO fully isolated DC-DC converter based on a 
PWM-controlled single power transistor. The converter 
is designed to generate a nominal power of 1000 W for 
each output port, so the nominal power of the proposed 
converter is around 2000 W. The proposed converter is 
based on the conventional Cuk converter topology.

To achieve the aim, the following objectives were set: 
– to develop a magnetic analysis, utilizing ANSYS Max-

well software, to design the converter’s high-frequency 
transformers at operating frequency equal to 30 kHz;

– to conduct the mathematical analysis of the proposed 
converter circuit in order to derive the formulas of the volt-
ages and currents of the converter elements;

– to perform a simulation study with the MATLAB Sim-
ulink platform to evaluate the performance of the proposed 
converter.

4. Materials and methods of research

4. 1. Methods
The following methods are used 

during the study:
– average model technique 

based on the switching state to 
derive a mathematical model of the 
proposed converter for the steady 
state;

– finite element method (FAM) 
for the analysis and simulation of 
the high-frequency transformer for 
the converter construction;

– discrete simulation method 
in MATLAB/Simulink Software 
for performing a discretization of 
the whole converter for a solution 
in fixed time steps.

4. 2. The proposed SIDO to-
pology

The conventional Cuk con-
verter is well known in the lit-
erature and is shown in Fig. 1. 
This converter possesses most of 
the advantages of other DC-DC 
converters, such as continuity of 
both input and output currents 
with very low ripple, simplicity 
of its gate drive circuit, and pro-
tection of the output side in case 
of switching failure due to the 
insulation feature of its capacitor.

Besides, the converter has 
the ability to step-up like boost 
converter or step-down the input 
voltage like buck converter. In any case and based on this 
converter, the SIDO isolated modified Cuk converter is 
proposed, as shown in Fig. 2. In principle, this topology 
allows converting the energy in both directions if antipar-
allel transistors are added with the secondary diodes D21 

and D22. However, in this work, only the forward opera-
tion mode was considered with different loads and, con-
sequently, different currents at the output. The backward 
operation mode with multiple inputs and a single output 
needs to be carefully examined and works only under 
certain restrictions of symmetry. This objective is beyond 
the scope of this paper. The two secondary windings in 
the forward operation mode can be used individually or 
can be connected in various configurations producing a 
higher voltage or current supply. To connect the second-
ary windings of the transformers, their rated values also 
have to be considered. In the double-output converter, 
C1 is the energy transfer capacitor on the primary side, 
whereas, C21 and C22 are the energy transfer capacitors 
on the secondary side for two insulated outputs. L1 rep-
resents the input inductance, and L21 and L22 represent 
the output inductances. During the Q1 turn-off, the high 
di/dt, together with the leakage inductances on the pri-
mary side cause voltage spikes that can damage and even 
destroy the transistor. This adverse effect can be reduced 
to a great extent by implementing the careful design of 
the transformers and having a parallel connection of the 
transformers on the primary side, which will reduce the 
leakage inductance. 

The steady-state analysis of the proposed converter is 
performed in the same way as the conventional Cuk con-
verter [21]. For this, an average model technique based on 
the state of the switches is applied. Fig. 3, a, and Fig. 3, b 
show the circuit topology during ON and OFF state of Q1. 

Fig. 1. Conventional Cuk converter

Fig. 2. The proposed SIDO converter circuit topology
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Assuming the capacitor voltages VC1, VC21, and VC22 to 
be constant, this assumption is reasonably valid in practical 
circuits, and by equating the integral of voltages across the 
input and output inductors over one time period to zero, 
leads to the equilibrium voltage equation across L1 over one 
time period, so in the steady state, the average inductor volt-
ages VL1, VL21, and VL22 are zero and given as:

+⋅ =⋅ON OF(ON) (OFF) F 0,Lx Lx tV Vt 			    (1)

where the subscript Lx indicates any inductor L1, L21, or 
L22; tON and tOFF are the ON and OFF periods of switch 
Q1. Thus, for input inductor L1 coupled with L21, we obtain: 

( )− −
 

δ + − δ = η 
C21

C1
11

1 0,
.in in a

V
V Ts V V Ts  		   (2)

and for L1 coupled with L22: 

( )− −
 

δ + − δ = η 
C22

C1
22

1 0,
.in in a

V
V Ts V V Ts   		  (3)

(2) leads to:

⋅ η ⋅
⋅ η ⋅ =

− δ
+ 1 1

1 1 C1 C21 ,
1

ina V
a V V 			    (4)

and (3) leads to:

⋅ η ⋅
⋅ η ⋅ =

− δ
+ 2 2

2 2 C1 C22 ,
1

ina V
a V V 			    (5)

where a1 and a2 are the transformer 1 and transformer 2 
turns ratio; respectively, η1 and η2 are the efficiency of trans-
former 1 and transformer 2; respectively. 

For the output inductor L21, the equilibrium voltage 
equation is:

Fig. 3. Circuit topology: a – ON-state topology; b – OFF-state topology

a 

b
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( ) ( )( )− ⋅ η − δ + − − δ =+1 1 C1 C21 1 0,O Oa V V V Ts V Ts 	  (6)

(6) leads to:

+⋅ η ⋅ =
δ1 1 1 21 ,o

C C

V
a V V  			                 (7)

Again, for L22, we obtain:

( ) ( )( )− ⋅ η ⋅ − δ + − − δ =+2 2 1 22 1 0,C C O Oa V V V Ts V Ts 	 (8)

+⋅ η ⋅ =
δ2 2 1 22 .o

C C

V
a V V 				      (9)

Thus, the voltage gains or output voltage to input voltage 
transfer function of the two converter outputs are deter-
mined by equating (4) with (7) and (5) with (9):

η δ
=

− δ
1

1 1 .
1o inV a V 				     

(10)

η δ
=

− δ
2

2 2 .
1o inV a V 				     (11)

The input current is derived using the hypothesis of a 
lossless circuit as follows:

η δ η δ
= +

− δ − δ
1 2

1 1 2 2.
1 1i o oI a I a I 		    (12)

The output average power for the two outputs can be 
obtained as: 

=
2

1
1

1

,o
o

L

V
P

R
				      (13)

=
2

2
2

2

.o
o

L

V
P

R
				      (14)

The ripple of currents inductors, ΔiL1, ΔiL21 and ΔiL22, 
during the ON interval or the OFF interval can be deter-
mined as follows:

∆ = ⋅δ ⋅1 ,
1

in
L S

V
i T

L
 		   	  (15)

( )∆ = ⋅ − δ ⋅21
21

.1O
L S

V
i T

L
 			    (16)

( )∆ = ⋅ − δ ⋅22
22

.1O
L S

V
i T

L
  			    (17)

4. 3. Modeling and design of the main transformer
To obtain the parameters of the main converter trans-

formers, a 3D model was developed based on the ANSYS 
MAXWELL software. Fig. 4 shows the transformer dimen-
sions, which are taken from the datasheet in [22], where the 
transformer core is made of N72-type ferrite and Litz wire 
is used. The primary and secondary windings are rolled up 
together and overlapped to reduce leakage flux and thus 
transformer losses. 

Table 2 shows the details of the design parameters con-
sidered. 

The meaning and description of the symbols used can 
also be seen in Fig. 4. In this case, the turns ratio of the two 
transformers is assumed to be equal and equal to 1. Z-Axis
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Fig. 4. The geometry of the main transformer: a – Core 
dimension; b – 3D view; c – Front view; d – Top view
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Table 2

Main transformer specifications

Parameter Symbol Value

Core length Lc 49.8 mm

Core width Wc 16.7 mm

Core height hc 49.4 mm

Core space Sc 32 mm

Number of primary 
turns

Np 32

Number of primary 
turns

Ns 32

5. The proposed SIDO converter 
results

5. 1. Transformer magnetic design 
results

First, the transformer output was ana-
lyzed using the “Magnetostatic” solution 
type in ANSYS MAXWELL software to 
obtain the parameters of primary self-in-
ductance, secondary self-inductance, and 
mutual inductance between two wind-
ings (L1, L2, M), in case of injecting a 
current of 5.1A RMS to the transformer 
primary winding. Table 3 displays the 
results obtained.

Fig. 5, a shows the flux distribu-
tion inside and outside the transformer 
core. The effectiveness of the designed 
transformer can also be assessed by 
noting the magnetic field in the direc-
tions of the x, y, and z axes, as shown 
in Fig. 5, b–e.

In fact, the design of the high-fre-
quency transformer of the converter is 
considered a critical. Therefore, in order 
to validate the developed model of the 
high-frequency transformer presented in 
Section 4. 2 and to confirm the results ob-
tained in Table 3, the transformer design 
was implemented in the laboratory ac-
cording to the data in Table 2, as shown in 
Fig. 6. The results were obtained by mea-
suring the inductance at a high-frequency 
setting obtained with LCR meter model 
GW Instek LCR-816. The transformer 
inductances were L1=4.3226 mH and 
L2=4.3168 mH. These values come very 
close to the simulation results of L1 and L2: 
L1=4.493925 mH and L2=4.494732 mH. 
To describe this closeness in numerical 
language, the percentages of error for L1 
and L2 were calculated to be 3.81 % and 
3.96 %, respectively. 

Table 3

Calculated parameters of the transformer

L1, mH L2, mH M, mH
CuplCoef. 

(k)
Leakage 

inductance, μH

4.493925 4.494732 4.493055 0.999717 0.87

5. 2. Mathematical analysis results 
To validate the derived equations shown in Section 4. 1, 

two different operating modes were taken into account when 
evaluating the converter namely a step-up and a step-down 
in the forward operation mode. Fig. 7, a depicts the total 
power output of the converter, the sum of the power of the 
two outputs, as a function of the duty cycle. However, in the 
step-up operation mode d≥0.5, the output voltage was kept at 

Fig. 5. Magnetic flux distribution inside and outside the transformer core: 	
a – Brms for core; b – View direction of Brms; c – Brms of X-axis; 	

d – Brms of Y-axis; e – Brms of Z-axis
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Fig. 6. Implementation of the high-frequency transformer: a – assembled with the 
core; b – disassembled without a core
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its desired value of 200 V, Vin=Vin (d, Vout), and the load resis-
tances were symmetrically adapted until the maximum input 
current of 10 A was reached. In the range of d≤0.5 (operation 
as a step-down converter), the input voltage was constant at 
200 V, Vout=Vout0 (d, Vin), and the load was adapted until the 
maximum output current of 5 A in each output was obtained. 
In Fig. 7, the input and output voltages and currents are also 
plotted as a function of duty cycle.

However, the results of the voltages, currents and output 
powers were also confirmed using simulation results, as can 
be seen in the next section.

5. 3. Converter simulation results
A simulation study was carried out to understand the 

behavior of the entire converter circuit. MATLAB/Simulink 
software was used for simulation and analysis purposes. The 
ready-made models of the circuit elements in the MATLAB 
library were used.

The currents of the circuit elements including the input 
inductor current iL1, the output inductors current iL21 and 
iL22, the input capacitor current iC1, the current of the output 
capacitors iC21 and iC22, the diode currents iD1 and iD2, and the 
two output currents io1 and io2 are shown in Fig. 8, whereas, the 
voltages of these elements for the same time interval are shown 
in Fig. 9. The figure includes the gate signal voltage (Gate), 
the switching voltage vQ, the diode voltages vD1 and vD2, the 
primary voltage vp1, the secondary voltages vs1 and vs2, and also 
the input supply voltage vi and the output voltages vo1 and vo2. 

When the converter circuit was regulated with PWM 
(pulse width modulation) and a signal duty cycle of 0.5, the 
previous waveforms were captured. To operate the converter 
in step-up mode, δ must be more than 0.5, while δ must be 
less than 0.5 to operate the converter in step-down mode. To 
prove these results as well as make a validation of the math-

ematical representation given in section (4.1), it is necessary 
to compare some of the aforementioned results with the 
outcomes of the mathematical equations. Therefore, assum-
ing RL1=RL2=40Ω, a1=a2=1, η1=η2=98.5 % and δ=0.5, the 
following results are obtained for Vo1, Vo2, Iin, Po1, Po2, ΔiL1, 
ΔiL21 and ΔiL22 using equations (10) to (17). The last equations 
outcomes are compared with the simulation results of Fig. 8 
and Fig. 9 as shown in Table 4.

The converter circuit was also tested with different loads 
and currents in the output. The results for each of the two out-
puts in terms of voltage, current, and power are documented 
in Table 5 with the loads RL1=40Ω, and RL2=60Ω. 

It can be seen that the voltage at both outputs is well 
regulated even though the loads were unbalanced, where 
RL2=150 % of RL1. The deviation between Vo1 and Vo2 is 
about 0.25 %.

Table 4

Simulation and mathematical model results validations

                Variable 
Result type

Vo1 
(V)

Vo2 
(V)

Iin 
(A)

Po1 
(W)

Po2 
(W)

ΔiL1 
(A)

ΔiL21 
(A)

ΔiL22 
(A)

Mathematical 197 197 9.70 970.2 970.2 9.26 2.32 2.32

Simulation 196.9 196.9 9.87 969.1 969.1 9.06 2.32 2.32

Absolute Error % 0.051 0.051 1.75 0.11 0.11 2.15 0 0

Fig. 7. Step-up and step-down operation modes of SIDO 
isolated Cuk converter for different duty cycles: a – total 
output power; b – corresponding voltages and currents
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Fig. 8. The currents of the circuit elements: a – inductor L1 
current; b – inductor L21 current; c – inductor L22 current; 

d – capacitor C1 current; e – capacitor C21 current; 	
f – capacitor C22 current; g – diode D1 current; h – diode D2 
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Table 5

Input and output voltage, current, power, and load resistance 
for unbalanced conditions; RL1=40 Ω, RL2=60 Ω

Variable name Voltage [V] Current [A] Power [W]

Input 200 8.26 1652.0

Output 1 196.9 4.924 969.53

Output 2 197.4 3.291 649.64

6. Discussion of the design and simulation results of the 
proposed SIDO converter

The design of the high-frequency transformer is the 
critical point in the overall converter design. Performing a 
magnetic analysis with the ANSYS Maxwell software was 
useful to create and obtain the parameters of the electrical 
model of the transformer. Some aspects like the coiling and 
wrapping of the primary and secondary windings are effec-
tive to reduce the leakage inductance and increase the cou-
pling coefficient (k). It is clear from Table 3 that the leakage 
inductance has a small value at 0.87 μH and the coupling 
coefficient has a high value at 0.999717. The selection of 
transformer wire type is also an important issue. Litz wire 
was recommended for inductor and transformer construc-

tion when operating in the high-frequency range to reduce 
eddy current losses.

However, the converter is proposed to be used as an 
intermediate DC link between CHB multilevel inverter and 
renewable energy source. Fig. 5 depicts this scenario, assum-
ing that the target voltage for CHB is 200 V. So, if the out-
put of the renewable energy source is dropped, the proposed 
converter must operate in step-up mode>0.5. Therefore, as 
it is shown, the converter output is almost equal to 200 V. 
If the renewable energy source voltage, which is the input of 
the proposed converter is almost steady at 200 V, then the 
converter can be utilized as step-down to produce voltage 
less than 200 V, if it is desired, by making δ<0.5. In both 
cases, the total output power of the converter was equal to 
the sum of the power of both outputs.

The MATLAB simulation results show the detailed opera-
tional analysis by logging and capturing the instantaneous volt-
age and current waveforms of all converter elements. Fig. 6, a 
confirms the continuity mode of the converter presented like 
the conventional Cuk circuit. While Fig. 6, b and Fig. 6, c 
show that the current style of both output currents was also in 
continuous current mode. In the ideal case of the design of the 
converter elements, the load voltage at the power transistor is 
2vin=400 V. However, when parasitic elements in circuit ele-
ments are considered, Fig. 7, b indicates that this stress equals 
the overshoot plus the usual stress, at 0.5, equals 527 V. The 
transformer leakage and circuit stray inductance are almost 
entirely responsible for the overshoot voltage during switching 
transitions over the converter’s transistor. By properly wiring 
circuit elements and improving the design of a high-frequency 
transformer, this stress can be effectively decreased. As shown 
in Table 5, the probability of an unequal load or unbalanced 
load condition is also considered. RL1=40 and RL2=60 are two 
uneven loads evaluated; despite this unbalance condition, the 
output voltages were Vo1=196.9 V and Vo2=197.4 V, which were 
virtually identical.

Finally, it’s worth noting that the proposed converter’s 
function in this study was limited to the forward operation. 
Consequently, this research may be further explored by looking 
at converter circuit operation in backward. Furthermore, the 
proposed converter outputs can easily be expanded to more 
than two, whereby the total output power can be increased.

7. Conclusions

1. In this paper, the main converter transformer was 
modeled and designed using the ANSYS Maxwell software. 
The results of the experimental implementation confirm the 
simulation results obtained. The percentage of errors was less 
than 4 % for both primary and secondary inductance. Coiling 
and wrapping the primary and secondary windings of the 
transformer in parallel was effective in increasing the coupling 
coefficient so that k=0.999717 was found very close to unity. 
Thus, a small value of the leakage inductance is obtained 
and was equal to 0.87 mH. Consequently, a minimal leakage 
inductance means minimizing the voltage peaks on the mod-
ulating switching device.

2. A set of analytical equations has been derived and pre-
sented in this paper to represent a mathematical model of the 
converter. These equations can be used in designing the pro-
posed converter circuit. The outcomes of the mathematical 
equations confirm the efficiency of using an averaging model 
analysis technique to represent DC-DC converter circuits.

Fig. 9. The voltages across the circuit elements: a – gate 
signal; b – transistor voltage; c – D1 voltage; d – D2 voltage; 
e – transformer primary voltage; f – transformer1 secondary 

voltage; g – transformer1 secondary voltage; h – input 
supply voltage; i – output1 voltage; j – output2 voltage
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3. The results of the MATLAB simulation showed that the 
design of the presented converter was effective in serving a 
high-power load up to 1,000 W for each output terminal. The 
examination of the input and output currents showed their op-
eration in the CCM. The simulation results were validated and 
compared to the mathematical model results and a good match 
was obtained, with a percentage error of less than 2.15 percent. 
Finally, when the presented converter was tested under various 
loads, including unbalanced load situations, a reasonable output 
voltage regulation was attained where the two output voltages 

were almost the same with a deviation of less than 0.25 % under 
a severe unbalanced load condition that was RL2=150 % of RL1.
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1. Introduction

Electrical impedance tomography (EIT) makes it possible 
to visualize the distribution of ventilation (that is, air filling) 
of human lungs by assessing the changes in the reconstructed 
transthoracic impedance [1]. This method can be used both 
in assessing the parameters of independent breathing and 
at artificial ventilation of lungs (AVL) [2]. Based on the ob-
tained measurement data and their processing, a user is given 
a dynamic image reflecting the change in air filling in the 
considered areas of the lungs. Since obtained images depend 
on a change in the air content in the analyzed section, they 
can be characterized as functional, rather than anatomical 
(unlike, for example, spiral computed tomography or mag-
netic resonance tomography). One of the major problems that 
complicate the clinical application of the EIT method is a low 
degree of consideration of its parameters of exposure (espe-
cially frequency and force of injected current) for a particular 
patient. The EIT devices existing in the market do not provide 
this functionality and, accordingly, are limited in their capa-
bilities in terms of advanced monitoring of lung functioning. 
This is due to differences in the structure and composition of 
the body, as well as in the activity of the entire respiratory 
system of a person as a whole and his lungs, in particular.

Overcoming the problems of clinical application of the 
EIT systems is possible with the introduction into practice of 
multi-frequency EIT (MF EIT) systems, which allow taking 
into consideration the dependence of changes in impedance 
of tissues of a human body on the frequency of the injected 
current. Thus, it becomes possible to take into consideration 
additional objective information about the object of study. 
This makes it possible to differentiate the subjects into 
groups, as well as to identify the structure of the object and 
the processes that take place (for example, the function of 
human lungs, the activity of the cardiovascular system, etc.).

At the same time, there is a problem of preclinical appro-
bation of medical and technical means of the MF EIT and 
their study on living objects, including humans. This creates 
a number of difficulties in terms of research into the applica-
bility of the MF EIT for the tasks of assessing the functional 
state of the lungs of patients with respiratory support. In this 
regard, there is a need to perform research into the methods 
and algorithms of the MF EIT not abstractly or using mod-
els, but under real conditions. This is especially important 
for obtaining measurement information in situations where 
further operation of the MF EIT systems is planned. One of 
the key areas of clinical use of the EIT is the monitoring of 
lung function of patients connected to the AVL apparatus. 
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This paper proposes an approach to modeling the process 
of artificial ventilation of human lungs by their controlled fill-
ing with a fixed volume of air, using an incentive spirome-
ter Coach 2. This makes it possible to simulate the ventilation 
process for a healthy person and to link the assigned respira-
tory volume to measurement data. The results of experimen-
tal studies of the developed system of multifrequency electric 
impedance tomography are presented. The tests were per-
formed for the frequency range from 50 kHz to 400 kHz (with 
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to 4,000 ml (with a pitch of 500 ml) for five inhalation/exha-
lation cycles. The scheme of research: active inhalation ‒ pas-
sive exhalation, the number of tested volunteers ‒ 3 people from 
the developers of the system. As a result, the dependences of 
the measured values of changes in potentials on the frequen-
cy of injected current for different respiratory volumes in three 
test participants without pathologies of the respiratory func-
tion and the external respiration function were obtained. The 
obtained results of the experimental studies show that there is 
a dependence of the value of the measurement data both on the 
volume of inhaled air and on the frequency of the injected cur-
rent. This feature can be used to develop a number of medical 
devices for personalized monitoring of human lung function. It 
was also revealed that there are frequencies at which the max-
imum spread of measurement data according to the results of 
a series of repeated experiments is observed. At the same time, 
the nature of the change in the measurement data of the EIT at 
an increase in the volume of inhaled air is the same for all test 
participants. It is assumed that this feature can also be used to 
increase the EIT personalization degree
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That is why it is expedient to study and evaluate the work of 
the developed algorithms and the created MF EIT devices 
for conditions of intensive care units. At the same time, there 
is a major contradiction: on the one hand, to obtain initial 
data, it is necessary to perform the MF EIT simultaneously 
with the AVL, and on the other hand, it is impossible to con-
nect the ventilator to a healthy person. The relevance of the 
solutions proposed in the paper lies in the practical imple-
mentation of the method for obtaining measurement data us-
ing the MF EIT method. The proposed method of controlled 
filling of lungs with a fixed volume of air while performing 
multi-frequency electric impedance tomography makes it 
possible to simulate the process of ventilation on a healthy 
person. In this case, the active element that controls the pro-
cesses of inhalation and exhalation is a test participant who 
uses an incentive spirometer for research purposes. Thus, it 
becomes possible to conduct the MF EIT on a healthy person 
without connecting him to the AVL apparatus. This enables 
expanding the possibilities of studying the method. Thanks 
to this, it is possible to conduct preclinical studies of new 
methods, algorithms, and devices of the MF EIT under vari-
ous AVL modes on healthy people. In addition, this approach 
allows identification of the problems of the practical use of 
the MF EIT systems for planning and conducting clinical 
examinations of the patients in intensive care units.

2. Literature review and problem statement

In clinical practice, it is important to be able to conduct 
non-invasive long-term bedside monitoring of air filling of the 
lungs of a patient connected to the AVL. Changes in such pa-
rameters as respiratory volumes and the magnitude of positive 
exhalation end pressure (PEEP) in patients with mechanical 
ventilation of lungs have a significant impact on their func-
tional state [3, 4]. At the same time, an incomparably smaller 
number of scientific works are devoted to the study of the 
process of air filling of the lungs at independent breathing of 
a person with the use of the MF EIT method. Moreover, the 
problems associated with the simultaneous change in both 
the parameters of breathing and the parameters of the impact 
(force and frequency of electric current) almost are not stud-
ied. For example, paper [3] studies the relationship between 
changes in respiratory volume and electrical impedance 
(obtained using the EIT method) and the changes in positive 
pressure at the end of exhalation of the studied object who is 
connected to the AVL. However, the issues related to how 
various indicators of respiratory volumes affect the recorded 
EIT data, both at independent and spontaneous breathing, 
remained unresolved in this paper. This is especially import-
ant, as it makes it possible to assess the sensitivity of the EIT 
method to the problems under consideration. An option for 
overcoming the relevant difficulties is the study performed 
in [4]. In it, the authors evaluated the boundary possibilities of 
the EIT method for visualizing the ventilation process at the 
AVL with small respiratory volumes. At the same time, within 
the framework of the research and the obtained results, the 
authors did not take into consideration the electrical proper-
ties of the tissues of the studied objects themselves. This issue 
is important, as it imposes a number of restrictions in terms 
of selecting an adequate mode of the EIT injection for a par-
ticular field of study and does not take into consideration its 
composition and structure. It is noted that, despite the known 

limitations of the method, the EIT has great advantages in 
monitoring the lungs of a patient with respiratory complica-
tions who has mechanical ventilation. At the same time, as 
well as in [3], the issues of studying the respiratory volumes of 
patients without lung pathologies during independent breath-
ing, when it is possible to vary the parameters of the effect of 
EIT in a wider range, remained unresolved. For example, the 
implementation of the multi-frequency function in EIT sys-
tems makes it possible to personalize all EIT activities, taking 
into consideration objective and reliable information about 
the object of study.

Papers [5, 6] showed that monitoring based on the EIT 
can be a source of valuable data on ventilation and perfusion 
function of lungs. Thus, paper [5] explores the possibilities 
of monitoring EIT of both the patients on mechanical ven-
tilation of lungs and the patients who retain the function of 
independent breathing. It should be noted that the paper 
conducts the research into the parameters of independent 
breathing of patients with various pathologies of lungs and 
respiratory tract (asthma, chronic obstructive pulmonary 
disease, cystic fibrosis). At the same time, the authors did 
not consider the possibility of applying EIT monitoring of 
the lungs to the patients who do not have pathologies of the 
respiratory system. The paper does not disclose the parame-
ters of EIT research, as well as their impact on the data ob-
tained. Article [6] presents the results of studies on the use 
of the EIT for monitoring the respiratory volumes of animals 
(anesthetized horses during surgery). The results of clinical 
studies that confirm the possibility of recording respirato-
ry volumes with the help of EIT are shown. However, like 
paper [5], it does not study how the obtained data depend 
on the parameters of exposure during the EIT. The studies 
similar to [5, 6] explore the problems of joint clinical use of 
the AVL and EIT systems. However, most of them do not 
solve the problems of increasing the personalization of the 
EIT method, including those based on the implementation 
of the MF EIT function. At the same time, the MF EIT is 
one of the promising areas for increased reliability. All this 
suggests that new studies are needed to establish general 
patterns and features of the MN EIT to solve the problems 
of monitoring the functional state of the lungs.

Paper [7] solves the issues of using a portable EIT device 
for monitoring the respiratory function of a person during 
apnea and subsequent hypoventilation. The importance and 
necessity of quantitative methods of assessment in the diagno-
sis of diseases are shown. The authors have developed a device 
that determines the respiratory volumes, the position of the 
body of the examined patient, the sounds made by a patient. 
The device also records the electrical activity of the heart 
(ECG) and pulse oximetry (SPO2). Analyzing the obtained 
results, it can be concluded that the measurement data of the 
EIT can complement the existing tools for monitoring lung 
activity. Accordingly, there is a practical need for methods and 
algorithms of EIT personalization. This will make it possible 
to overcome one of the main shortcomings of the device pro-
posed by the authors ‒ to assess the ventilation function of the 
lungs. Thus, the capabilities of the device and the scope of its 
application will be significantly expanded.

Research [8] explores one of the directions of the MF 
EIT, its diagnostic value both at mechanical ventilation and 
at independent breathing. The disadvantages of the paper 
include a narrow range of frequencies of injected current and 
the declared possibility of applying current up to 10 mA. In 
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addition, the possibility and degree of influence of the EIT 
parameters on the results of the study are not disclosed and 
are described in general phrases. Research [9] is devoted to 
the study of the process of independent breathing using the 
EIT after extubating a patient. The paper shows the diagnos-
tic and prognostic value of the obtained measurement data. 
This article, due to the natural causes, does not reflect the 
effect of variation of respiratory volumes on recorded data, 
nor discloses the parameters of the EIT examination.

Thus, the conducted analysis of the current state of the 
problem revealed a number of unresolved issues related to the 
assessment of the dependence of respiratory volumes and pa-
rameters of the EIT examination. It does not pay sufficient at-
tention to conducting EIT examination of the healthy objects 
without pathologies with the ability to change the parameters 
of air filling of lungs within a wide range with a simultane-
ous change in the frequency of the injected current. This is 
important for determining additional technical limitations 
of the EIT method, as well as for improving the efficiency of 
using the MF EIT systems. The current situation may be the 
result of the understandable focus of teams of researchers and 
developers primarily on the problems of patients with pathol-
ogies. However, as noted earlier, this approach does not make 
it possible to obtain additional data on the range of sensitivity 
of the EIT method to changes in respiratory volumes and the 
frequency of injected current for a given object of research.

All this makes it possible to assert that continuous moni-
toring lungs using the method of the MF EIT allows person-
alizing the tactics of treatment of respiratory complications 
in the postoperative period to a greater extent. However, the 
issues of practical implementation of the MF EIT remain 
unresolved, taking into consideration the specifics of the 
field of application. The greatest attention should be paid to 
the postoperative period, in which the main changes in lung 
function are observed. In this regard, there are problems of 
theoretical and algorithmic support for the personalization 
of the EIT research. It is advisable to conduct studies devot-
ed to the exploration of the features of recorded EIT data 
at different frequencies of injected current and at different 
values of respiratory volume.

3. The aim and objectives of the study

The purpose of the study is an experimental assessment 
of the dependence of recorded measurement data on the 

volumes of inhaled air at the MF EIT. This will make it 
possible to assess the applicability of the proposed IMS of 
MF EIT in the problems of personalized MF EIT of lungs 
at the preclinical stage of trials. The practical implemen-
tation of the obtained research results will enhance the 
effectiveness of the clinical application of the technology 
of pre-and postoperative monitoring of lung function using 
the MF EIT method.

To achieve the set goal, it is necessary to solve the fol-
lowing problems:

– to propose a general plan of experimental research; 
– to conduct experimental studies to determine the de-

pendence of measurement data on the volume of inhaled air 
and the frequency of injected current; 

– to perform processing and analysis of the obtained 
measurement information; 

– to assess the applicability of the obtained results for 
clinical use.

4. Materials and methods of research

Recorded changes in potentials from the surface of the 
human chest obtained at different frequencies fi of injected 
current I in accordance with the program of experimental 
studies are used as the source data for theoretical studies. The 
organization of the process of collecting measurement data, 
their processing and visualization were performed using a 
multi-zone information and measurement system of multi-fre-
quency electric impedance tomography (IMS of MF EIT).

To simulate ventilation measures, we used a load testing 
procedure, which was performed using the Coach 2 medical 
incentive spirometer. This device is widely applied in the 
clinical practice of intensive spirometry to restore lung 
function of patients in the postoperative period (in the clinic 
or at home).

Computational experiments were performed using the 
Statistica applied software package (USA), MS Excel envi-
ronment (USA), MATLAB (USA). 

Experimental studies were conducted on volunteers 
from the developers of the IMS of MF EIT. All of them gave 
individual information written consent to participate in the 
tests on the basis of the laboratory of information and mea-
suring systems for medical purposes of the SRSPU (SPI) 
(Novocherkassk). The basic source data for experimental 
studies are shown in Table 1.

Table 1
Basic source data for experimental studies

No. by order Name Description

1 2 3

1 Number of test participants
3 people, volunteers (who gave written consent to participate  

in experimental studies). For convenience, each test participant was assigned 
the following designations – P1, P2, and P3

2 Distinctive features of test participants 
Young people under 35, having different physiques. Males. Without pathologies 
of respiratory function and breathing function. The SpO2 level before and after 

doing research in all subjects is not less than 99 %

3 Range of inhaled air, V
from 500 ml to 4,000 ml. It is determined by the functionality of the used device 

to perform breathing maneuvers. Pitch of increase ΔV=500 ml

4 Device for breathing maneuvers Incentive spirometer Coach 2

5 Contraindications to the use of the device There are no contra indicators to apply this incentive spirometer  

6
Specificity of respiratory movements 

when performing breathing maneuvers
Active inhalation, passive exhalation  
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All manipulations and activities related to the research in-
volving healthy volunteers were performed only after obtaining 
their written consent. The criteria for inclusion of volunteers 
in the studies were the following: healthy adult young people 
chosen from the developers of the IMS MF EIT, who them-
selves gave written informed consent to participate in the tests. 
The criteria for exclusion from participation in experimental 
studies were the existence of an implanted pulse generator, 
surgeries in the chest area, existence of skin 
injuries, health deterioration. The process 
of performing experimental studies was ac-
companied by continuous recording of the 
obtained data, taking into consideration all 
the specific features of the experiment. Si-
multaneously with the automatic registra-
tion of changes in the potentials of the MF 
EIT for each subject (P1–P3), the results of 
the EIT examination at a given frequency 
of injected current were recorded manually.

Measurement data of the MF EIT were 
processed, conductivity field was recon-
structed, dynamic visualization of the re-
sults of calculation of ventilation, perfu-
sion, and the ventilation-perfusion ratio 
was performed based on the software for 
controlling the operation of the IMS of MF 
EIT and the user interface developed by the 
authors. Secondary additional statistical 
processing was performed using a special-
ized software package STATISTICA.

5. Experimental evaluation of 
dependence of measurement data on 

the volume of inhaled air 

5. 1. General plan of experimental studies
The essence of experimental studies is controlled filling 

of lungs with fixed air volume Vi while performing multi-fre-

quency electric impedance tomography. This makes it possible 
to simulate the AVL process involving a healthy person and 
to link the assigned respiratory volume to measurement data. 
In this case, the active element that controls inhalation and 
exhalation processes is the test participant himself, who uses an 
incentive spirometer for research purposes. The general circuit 
explaining the basic principles of obtaining and processing 
measurement data is shown in Fig. 1.

It schematically shows the breathing pattern used in 
the study. During the experiment, each test participant 
(code designation P1, P2, and P3 is accepted) must per-
form a controlled series of five inhalations/exhalations 
on each of the volumes set on the incentive spirometer 
Vi (from 500 ml to 4,000 ml, with a pitch of increase 

Continuation of Table 1

1 2 3

7 Tested EIT device  
Information-measuring system of multi-frequency electric impedance tomography 

(IMS of MF EIT). Includes a current source proposed in [10], but modified for use in 
the IMS of MN EIT

7. 1 Amplitude of injected current, I 5 mА (at each frequency from the specified frequency range)

7. 2 Frequency of injected current, fi from 50 kHz to 400 kHz, with the pitch Δf=50 kHz

7. 3
System of connections of the EIT (Cir-

cuit of injection and measurement)  
To perform research at all frequencies, the circuit of  

«adjacent electrodes» was used

7. 4
The type of the used electrode belt  

of the EIT  
The electrode belt consisting of single-use electrodes was manufactured. The 

number of electrodes in the belt is 16 pcs

8
Place of theoretical and experimental 

research
Laboratory of «Information and Measurement Systems for Medical Purposes». 

Novocherkassk, Rostov region, SRSPU (SPI)

9 Principal researcher Grayr Karenovich Alexanian 

10
The position of the test participant in 

space when performing a breathing ma-
neuver and EIT examination

Only in the standing position. Holding a load spirometer in the hand

11 Terms of experiments  December 2020 

12 Duration of any cycle of experiments   
1 (one) day per one test participant, no more than 8 hours for the entire complex 

of EIT examination in order to observe the minimum spread of time of physiologi-
cal parameters of vital activities of an organism

13
Number of repeated tests at each frequen-
cy and in established respiratory volume

5 (five) tests followed by their simple averaging at each frequency and in the 
established respiratory volume

Fig. 1. General circuit explaining the basic principles of obtaining and processing 
measurement data in the framework of experimental studies

t t t t t t t

500 ml
1000 ml 1500 ml 2000 ml 2500 ml

3000 ml 3500 ml
4000 mlV, ml

t, sec

Algorithm of averaging for five cycles 
of inhalation/ exhalation

500 ml 1000 ml 1500 ml 2000 ml 2500 ml
3000 ml 3500 ml

4000 mlV, ml

t, sec

Assessments of a change in recorded 
EIT data (Ф)

Assessments of a change in 
reconstructed conductivity 

field (ΔΩ)
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of 500 ml). To decrease the methodological error and 
filtration of interference associated with the subjective 
features of using Coach 2, caused by the failure to reach 
or by exceeding the set volume of Vi. the measurement 
data for each volume of Vi were averaged. The standing 
position was chosen for the convenience of the test par-
ticipant performing a breathing maneuver and the MF 
EIT. In subsequent studies, only averaged data were used 
as the source data to reconstruct the conductivity field 
and to assess a change, as well as to estimate changes in 
measurement information.

Each test participant performed breathing maneuvers 
using the Coach 2 simulator for three weeks (with a frequen-
cy of repetition of 1 time in 3 days) performed breathing 
maneuvers using the Coach 2 simulator. This was done in 
order to eliminate discomfort, improve the convenience 
and predictability of the experiment, as well as study the 
problematic moments that may occur during tests. For each 
test participant P1, P2, and P3, new incentive spirometers 
Coach 2 and the means for their cleaning and disinfection 
were purchased. During the tests, it was found that between 
controlled breathing maneuvers, it is desirable to choose an 

interval of at least t=1 minute. A general 
block diagram of the implementation of 
experimental studies, adjusted according to 
the results of tests, is shown in Fig. 2.

Each frequency of injection current was 
set by the principal researcher on the sen-
sor monitor IMS of MF EIT. The principal 
researcher also monitored the progress of 
the experiment, recorded the results, and 
monitored compliance with the sequence of 
actions according to the plan formed in ad-
vance. The pitch of increasing the injection 
frequency Δf was 50 kHz. The pitch of set-
ting the respiratory volume ΔV was 500 ml. 
Upon completion of the experimental studies, 
as well as after each test participant, the IMS 
of the MN EIT was turned off, the electrode 
system was disassembled and sent for disin-
fection, the used electrodes were disposed of.

5. 2. Determining the dependence of 
measurement data on the volume of in-
haled air and frequency of the injected 
current 

5. 2. 1. Instrument base and source 
data for research

Table 2 shows the list of the equipment 
and the components that are directly used 
to obtain measurement data of the MF EIT.

Table 2

Basic source data for experimental studies

Type of  
equipment/parts  

Type of  
equipment/parts 

Incentive spirometer Coach 2

 Information and 
measurement system of 
multifrequency electric 
impedance tomography 

of human lungs

IMS MF EIT

Disposable ECG elec-
trodes

produced by Scintac 
(re-sticking to the 

surface of the body is 
not allowed)

Fig. 3 shows the view of the experimen-
tal setup and its main parts.

New spirometers were purchased for 
each test participant. Disposable elec-
trodes were used as part of the electrode 
system (Fig. 3, c).

Fig. 2. Block-diagram of the generalized algorithm for obtaining 
measurement data
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5. 2. 2. Features of participation of volunteers in ex-
perimental studies

We wrote a brochure of the experiment, with which each 
of the participants got acquainted. We received written 
consent from each participant P1, P2, and P3 to take part in 
the experiment. The incentive spirometer Coach 2, which is a 
non-sterile product for individual use of respiratory therapy 
and has an inhalation port, was chosen to perform controlled 
breathing maneuvers. Incentive spirometers Coach 2 are de-
signed to be used in intensive spirometry. The product helps 
to restore patients after operations and/or if necessary, to do 
deep breathing exercises with the possibility of subjective 
control of inhaled volume. In accordance with the instruc-
tion manual, incentive spirometers Coach 2 are designed to 
be used in medical institutions or at home.

During the measurements, P1, P2, and P3 did not eat, 
drink water, perform any physical exercises and other ac-
tions that could distort the results. The obtained data were 
automatically saved with the possibility of reproduction 
and processing in outside specialized packages of applied 
programs.

5. 2. 3. General principles of obtaining measurement 
information

Measurement information is obtained based on the EIT 
algorithms, which include injecting current through an 
object and recording the response to this influence. Their 
practical implementation is aimed at performing the follow-
ing main stages:

– superimposition of electrodes distanced from each oth-
er and closely connected to each other along the perimeter 
of an object; 

– connection of the current source to a pair of adjacent 
electrodes and injection of high-frequency current of small 
amplitude I through an object;

– recording the changes of potentials on all other elec-
trodes that are not injectable at the given moment; 

– connection of the current source to the next pair of 
adjacent electrodes and recording the changes of potentials 
Φ on all electrodes that are not currently injected.

The stages of switching electrodes, injection, and collec-
tion of measurement data Φ are continuous and are repeated 
until the device stops working. As a result, an array of mea-
surement information, which is the changes of the potentials 
Φ from the surface of an object obtained during the obser-
vation period, is collected. Their magnitude depends on the 
functioning of an object and its structure. Further, based 
on this information, the inverse problem is solved in order 
to reconstruct changes in the internal conductivity field of 
object Ω. The EIT method is most widely used in medicine 
for monitoring the lung function of a person connected to 
an AVL apparatus or having respiratory support. This is 
caused by the fact that the intake of air in the lungs is a pe-
riodic process in which an object with low resistance (lung 
tissue) receives a volume of the respiratory mixture or air Vi 
with resistance that is many times greater than its own. As 
a result of monitoring the changes in conductivity field Ω in 
the plane of putting of the electronic system, it is possible to 
visualize those parts of the lungs that, for example, are not 
involved in ventilation. At the same time, pain is excluded, 
a test participant does not feel the passage of current, and 
the monitoring itself can be performed for a long time, at 
the bedside and in conjunction with other medical products 
connected to a patient (except for the defibrillator of an 
electrosurgical knife).

In the general case, the fixed-frequency current is in-
jected through a patient. In the case of the MF EIT, it is 
proposed to use a frequency range with a fixed pitch of in-
crease. Due to this, it is possible to read measurement data, 
which contain, among other things, information about the 
dependence of the electrical properties of a research object 
on frequency. Thus, one can get an additional channel of use-
ful diagnostic information, which is peculiar to a particular 
person, and personalize the EIT examination.

5. 3. Processing and analysis of the obtained measure-
ment information

The process of obtaining an array of measurement data 
Φ for given volume Vi is a continuous cycle of obtaining 
changes in the difference of potentials from the electrodes in 
accordance with the selected system of EIT connections (1).

+Φ = φ − φ∑ 1 ,i

i

V
f j j 				    (1)

where ( )+φ − φ1j j  is the recorded measurements of the dif-

ference of potentials of the EIT, j=1…N, where N is the total 
number of electrodes, N=16; Vi=[500 ml; 1000 ml; 1500 ml; 
2000 ml; 2500 ml; 3000 ml; 3500 ml; 4000 ml]; fi=[50 kHz; 
100 kHz; 150 kHz; 200 kHz; 250 kHz; 300 kHz; 350 kHz; 
400 kHz].

The results of experimental data at different values of 
respiratory volumes and at different frequencies of injected 

Fig. 3. General view of the experimental setup and its parts: 
a – view of the incentive spirometer Coach 2; b – example 
of using incentive spirometer Coach 2 in the framework of 

these studies (the photo shows the author); c – view of the 
electrode system with disposable electrodes; d – view of the 
developed information and measurement system of electric 

impedance tomography

a b

c d
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current were obtained for each of the test participants P1, 
P2, and P3. The data were obtained. Subsequently, accord-
ing to the circuit presented in Fig. 1, the array of measure-
ment data Φ i

i

V
f  was averaged according to formula (2).

Φ
Φ =

∑
,

i

i

V
f

cp K
					     (2)

where K is the number of all Φ ,i

i

V
f  obtained at assigned Vi and fi.

Fig. 4–6 show the dependence of Φcp (ordinate axis) on 
the magnitude of respiratory volume Vi (abscissa axis) at 
different frequencies of injection current fi for each test par-
ticipant P1, P2, and P3.

Analyzing the content of Fig. 4‒6, a, it can be concluded 
that there is an increase in the value of Φcp depending on the 
magnitude of respiratory volume Vi. At the same time, with-
in the fixed Vi, a decrease in the magnitude of Φcp is clearly 
noticeable, in this case, each of P1, P2, and P3 has his own 
rate of its change. If we consider the change of conductivity 
field Ω of the test participants performing breathing maneu-
vers, it is possible to observe a decrease in its magnitude at 
an increase in Vi. Within a fixed Vi. there is a clearly notice-
able increase in Ω at an increase in the frequency of injection 
current fi.

Fig. 7 shows the dependence of the measured values of 
changes in the EIT potentials on the frequency of injected 

current fi for different respiratory volumes Vi in three test 
participants.

The results of processing the measuring data shown in 
Fig. 7, make it possible to conclude that the results obtained 
fully comply with theoretical studies on changing the electri-
cal properties of living biological tissues when an alternating 
electric current passes through them. It is noticeable that each 
test participant, under fixed conditions of the experiment, is 
different as for the levels of measurement data. This is due to the 
internal structure and composition of the tissues of the body 
(thickness of adipose tissue, geometric dimensions of lungs, the 
perimeter of the chest girth, etc.) of each out of P1, P2, and P3.

Fig. 7 demonstrates that possible artifacts in the course of 
obtaining measurement data can lead to misinterpretation of 
the data (the lower group of diagrams for P3 has a surge at a fre-
quency of 150 kHz). In this regard, it is necessary to introduce 
a unit for tracking and analyzing the correctness of data at the 
MF EIT (for example, along with control of the quality of elec-
trode fastening) into the algorithms for performing MF EIT

Based on the obtained measurement data Ф i

i

V
f  at differ-

ent frequencies of injected current and inhaled volumes, the 
conductivity field was reconstructed using the EIT method. 
In general, this stage of processing measurement data can be 
represented in the form of (3):

Φ = Φ → Ω = Ω,i i

i i

V V
f f .				    (3)

Fig. 4. For test participant P1: а – dependence of Φcp on the magnitude of respiratory volume Vi at different frequencies fi; 	
b – the normalized values of a change in conductivity Ω of the region of placing the electrode system (N) at different frequencies 

of injection current fi at assigned Vi
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Fig. 5. For test participant P2: а – dependence of Φcp on the magnitude of respiratory volume Vi at different frequencies fi; 	
b – the normalized values of a change in conductivity Ω of the region of placing the electrode system (N) at different frequencies 

of injection current fi at assigned Vi
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As a result, we obtained an array Ω ,i

i

V
f  reflecting the 

relative change in conductivity field (in the cross-section 
of placing the electrode system) for different frequencies of 
injected current and inhaled volumes. Here and further, for 
the convenience of designating the axes of the diagram, a 
simplified designation was adopted – Ω and Φ.

Fig. 8, a shows the diagrams of the spread of the depen-
dence of recorded changes in EIT potentials on the volume of 
inhaled air Vi. Fig. 8, b shows the dependence of the calculat-
ed values of a change of the reconstructed conductivity field 
Ω of the test participants. The data in Fig. 8 are presented for 
all test participants P1, P2, and P3.

Analyzing the data in Fig. 8, it can be concluded that a char-
acteristic feature for all test participants is a large spread at the 

lower frequencies, especially at injection frequency f0=50 kHz. 
This will lead to the conclusion that for P1, P2, and P3 the 
MF EIT should not be performed at low injection frequencies, 
especially at frequency f0. In this regard, it is necessary to 
correct the algorithm for performing MF EIT with adjustment 
for possible injection frequencies, at which the greatest spread 
is observed. This recommendation requires more detailed 
scientific theoretical and applied research, including physio-
logical studies. In addition, the spread (sweep) diagrams reflect 
differences between P1, P2, and P3 as for electrical properties. 
At the same time, the nature of the change in the measurement 
data of the EIT at an increase in the volume of inhaled air is the 
same for all subjects. Thus, the implementation of the multi-fre-
quency principle makes it possible to differentiate between the 

Fig. 6. For test participant P3: а – dependence of Φcp on the magnitude of respiratory volume Vi at different frequencies fi; 	
b – the normalized values of a change in conductivity Ω of the region of placing the electrode system (N) at different frequencies 

of injection current fi at assigned Vi

50 kHz
100 kHz
150 kHz
200 kHz
250 kHz
300 kHz
350 kHz
400 kHz

500 
ml

1500 
ml ml

2500 
ml

3000 
ml

3500 
ml

4000 
ml

0
0.01
0.02
0.03
0.04
0.05

Φср, mV

Vi

50 kHz
100 kHz
150 kHz
200 kHz
250 kHz
300 kHz
350 kHz
400 kHz

0

0.02
0.04
0.06

0.08
1

Vi

N

1000 
ml

2000 

1.2

500 
ml

1500 
ml ml

2500 
ml

3000 
ml

3500 
ml

4000 
ml

1000 
ml

2000 

а

50 kHz
100 kHz
150 kHz
200 kHz
250 kHz
300 kHz
350 kHz
400 kHz

500 
ml

1500 
ml ml

2500 
ml

3000 
ml

3500 
ml

4000 
ml

0
0.01
0.02
0.03
0.04
0.05

Φср, mV

Vi

50 kHz
100 kHz
150 kHz
200 kHz
250 kHz
300 kHz
350 kHz
400 kHz

0

0.02
0.04
0.06

0.08
1

Vi

N

1000 
ml

2000 

1.2

500 
ml

1500 
ml ml

2500 
ml

3000 
ml

3500 
ml

4000 
ml

1000 
ml

2000 

b

Fig. 7. Dependence of the measured values of changes of potentials in electrical impedance tomography on the frequency of 
injected current fi for different respiratory volumes Vi in three test participants (P1, P2, and P3)
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subjects in order to increase the degree of personalization of the 
EIT examination.

Further, to enhance the visibility of the results of experi-
mental tests, cluster analysis was applied to the obtained array 
of measurement data Φ for each P1, P2, and P3. Cluster analysis 
makes it possible to objectively systematize the obtained results 
of the study and give a simplified idea of the nature of a change 
in measurement data and a change in reconstructed conductiv-
ity field at an increase in the frequency of injected current fi.

Fig. 9 shows the results of cluster analysis of measurement 
data at different frequencies of injected current. Fig. 10 shows 
the results of cluster analysis of changes in the reconstructed 
conductivity field at different frequencies of injected current.

The results of processing and analysis of Φ and Ω make it 
possible to conclude that at MF EIT, the measurement data 
obtained directly from the MF EIT device and not subjected 
to post-processing reflect the characteristics of the object of 
research. They can serve as an additional channel for obtain-
ing basic information to account for artifacts, as well as to 
increase the correctness of reconstruction tasks.

Analyzing the content of Fig. 7–10, it can be concluded 
that the MF EIT is an effective tool for objective reliable 
differentiation of patients. Its application in the tasks of EIT 
of human lungs makes it possible to increase the degree of 
personalization of the procedure and minimize artifacts in 
the source data of the EIT.

Fig. 8. Spread diagrams for test participants P1, P2, and P3: a – dependence of recorded changes in EIT potentials (Φ) 
on the volume of inhaled air; b – dependence of calculated values of changes in reconstructed conductivity field (Ω) on 
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5. 4. Assessment of applicability of obtained results 
for clinical use

The obtained results can serve as the basis for the devel-
opment of a method for personalization of the EIT activities, 
including those in solving problems of pre-and postoperative 
monitoring of human lung function. The essence of the meth-
od is as follows. Initially, before performing surgical inter-
ventions, an adequate injection rate for a particular patient is 
evaluated. Then, in the postoperative period, it is considered 
as a reference for the launch of the EIT examination. This 
makes it possible to overcome the problem associated with 
the fact that when performing resuscitation measures, there 
is inevitably a distortion of objective information about the 

state of a patient and the parameters of 
the impedance of the field of research 
peculiar to him. This can be caused for 
various reasons, for example, under the 
influence of drug therapy, drop infusion, 
or various kinds of manipulation with 
the patient’s position in space, etc. Mul-
tifrequency electric impedance tomogra-
phy can serve as one of the ways to solve 
the above problems.

The practical implementation of the 
MF EIT of the human lungs does not 
create additional inconvenience to a pa-
tient and medical personnel. All the test 
participants pointed out the absence of 
discomfort and inconvenience. In addi-
tion, the process of air filling of lungs 
was intuitively and clearly visualized in 
a dynamic image in accordance with the 
volume of incoming air at all frequencies 
and at all specified volumes.

6. Discussion of results of 
experimental studies of the 

dependence of measurement data on 
the volume of inhaled air

The proposed approach to performing 
the MF EIT with the simultaneous task 
of controlled respiratory volume showed 
positive results of the practical use of an 
incentive spirometer for simple modeling 
on a healthy person of the AVL mode. 
This significantly expands the range and 
directions of further non-invasive studies 
of the EIT method to solve the prob-
lems of long-term bedside monitoring 
(both pre-and postoperative). Neverthe-
less, the obtained results enable us to 
conclude that healthy subjects in the 
conscious state may well act as a measure 
of objective control, and their subjective 
assessments can be systematized for sub-
sequent comprehensive analysis.

The obtained results of experimental 
studies (Fig. 4–6) show that there is a 
dependence of the magnitude of measure-
ment data both on the volume of inhaled 
air and on the frequency of the injected 
current. This feature can be used to devel-

op a number of medical devices for personalized monitoring 
of human lung function. This is achieved due to the identified 
sensitivity of the MF EIT itself to the internal structure of the 
research object and to the modes of its functioning.

The results of the studies, systematized in Fig. 7, 8, reflect 
the full compliance of analytical expressions ‒ an increase in 
the difference in recorded potentials is associated with an 
increase in the volume of supplied air. At the same time, at an 
increase in the frequency of the injected current, we observe a 
decrease in the magnitude of measurement data.

Analyzing the diagrams of dependences shown in 
Fig. 7, 10, it can be concluded that it is necessary to intro-
duce a unit for tracking and analyzing the data correctness 

Fig. 9. Results of cluster analysis of measurement data Φ at different frequencies 
of injected current fi

 Cluster 1 (P3)
 Cluster 2 (P2)
 Cluster 3 (P1)

50
100

150
200

250
300

350
400

Frequency of injected current (f), kHz

0,01

0,02

0,03

0,04

0,05

0,06

0,07

M
ea

su
re

d 
va

lu
es

 o
f c

ha
ng

es
 o

f p
ot

en
tia

ls
 o

f E
IT

(Ф
), 

m
V

Fig. 10. Results of cluster analysis of reconstructed conductivity field Ω at 
different frequencies of injected current fi
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at the MF EIT (for example, along with control of the qual-
ity of electrode fastening) into the algorithms of performing 
the MF EIT. This will make it possible to select problem 
areas in the array of measurement data before launching pro-
cessing and to take them into consideration when analyzing 
the reconstructed field.

It was revealed that there are frequencies at which the 
maximum spread of measurement data is observed according 
to the results of a series of repeated experiments (Fig. 8). At 
the same time, the nature of a change in measurement data 
of the EIT at an increase in the volume of inhaled air is the 
same for all test participants. It is assumed that this feature 
can also be used to increase the degree of EIT personaliza-
tion. For example, identification of the frequency range with 
the maximum spread may indicate the inadequacy of the 
specified parameters of the EIT examination for a particular 
test participant. Or vice versa, the search for the frequency 
(or frequency range), after which there is a minimum stan-
dard deviation of the measurement data of the MF EIT.

It should be noted that the previously developed IMS 
of MF EIT showed high operation stability, regardless of 
the physiological characteristics of a test participant. It was 
experimentally established that it can be applied to perform 
an EIT examination on ventilation volumes from 500 ml to 
4,000 ml. Obtaining the dependence of changes of potentials 
at different frequencies and at different respiratory modes 
make it possible to conclude that the proposed IMS of MF 
EIT can be used in further work on the study of the modes 
and features of the MF EIT.

It should be noted that these studies have a series of 
limitations. These include a small sample size of test partici-
pants, which requires a performance check on a larger group, 
as well as the absence of test participants with problems 
with external respiratory function. However, these works 
are planned to be performed on the basis of a medical orga-
nization with the involvement of real patients of an intensive 
care unit. In addition, within the framework of these studies, 
the tasks were set for the study of the MF EIT on healthy 
subjects who do not have problems with lung function. This 
was done in order to assess the sensitivity of the EIT method.

The issue of using the MF of EIT for the tasks of assess-
ing lung perfusion by the MF EIT method, as one of the di-
rections of application of the multi-frequency mode, remains 
unclear. It is important to conduct experimental and clinical 
studies and to explore the problem of the use of the MN EIT 
in intensive care units. In particular, it is necessary to assess 
the impact of third-party medical devices on the results of 
the MF EIT.

The disadvantages of this study include the following fea-
tures: a limited frequency range (from 50 kHz to 400 kHz), 
a frequency increase pitch that is multiple of 50 kHz, fixed 
current force of 5 mA. These problems and limitations are 
the subjects of further research, require separate algorithmic 
solutions, and go beyond the scope of this paper.

Among the main difficulties in the development of this di-
rection, it is possible to single out a weak methodological study 
of the subject area due to the relatively short terms of research 
in the direction of the MF EIT under clinical conditions.

7. Conclusions

1. A general plan of experimental studies, involving the 
controlled filling of lungs with a fixed air volume while per-

forming the MN EIT, was proposed. This makes it possible 
to simulate the AVL process on a healthy person and link 
the specified respiratory volume to measurement data. In 
this case, the active element that controls the processes of 
inhalation and exhalation is a test participant himself, who 
uses an incentive spirometer for research purposes. Thus, the 
proposed method enables conducting preclinical studies of 
systems and methods of the MF EIT on healthy people and 
to obtain measurement information with maximum adequa-
cy to the object of study.

2. Experimental studies were carried out to deter-
mine the dependence of measurement data on the volume 
of inhaled air and the frequency of the injected current. 
The tests were conducted involving three volunteers from 
the developers of the IMS of MF EIT, who gave written 
informed consent to participate in the experiment. Ex-
perimental studies were conducted at the frequency of the 
injected current from 50 kHz to 400 kHz (with an increase 
pitch of 50 kHz) and at respiratory volumes from 500 ml to 
400 ml (with an increase pitch of 500 ml). As a result, mea-
surement information was collected and systematized in 
the form of changes in EIT potentials for these frequencies 
and volumes. Thus, experimental data on the simultaneous 
performance of the MF EIT at different respiratory vol-
umes were collected. Various algorithms of processing and 
analysis can be applied to them in order to identify existing 
dependences and features.

3. The obtained measurement information for each test 
participant at different values of respiratory volumes and at 
different frequencies of injected current was processed and 
analyzed. It was established that there is an increase in the 
value of measurement data depending on the magnitude of 
respiratory volume. At the same time, within a fixed volume, 
a decrease in the magnitude of changes of the EIT potentials 
is clearly noticeable, and the rate of its change is different 
for all test participants. When assessing the change in the 
reconstructed conductivity field, it was found that there 
is a decrease in its magnitude at an increase in respiratory 
volume. At the same time, within a fixed respiratory volume, 
an increase in conductivity field is clearly noticeable with an 
increase in the frequency of the injected current.

It was revealed that for all test participants, the maxi-
mum spread of changes in EIT potentials is observed at low 
frequencies, especially at the injection frequency of 50 kHz. 
This means that for these people, EIT should not be per-
formed at low injection rates. A recommendation on the need 
to adjust the algorithm for performing the MF EIT taking 
into consideration possible injection frequencies, at which 
the greatest variation is observed, was made.

4. The main directions of applicability of the obtained 
results for clinical use were considered. It was shown that 
at the MF EIT, measurement data obtained directly from 
the MF EIT device and not subjected to post-processing 
reflect the features of the object of study. They can serve as 
an additional channel for obtaining basic information for 
accounting for artifacts, as well as for increasing the correct-
ness of algorithms for solving inverse problems that are used 
to reconstruct the conductivity field.
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