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This paper reports the advanced experimental-analyti-
cal method for determining the dynamic model of resonant 
converters of electricity. The object of research is semicon-
ductor resonance converters and methods for analyzing 
their dynamics. The well-known experimental-analytical 
method for determining a dynamic model implements the 
sequence «experiment – analytics – dynamic model» when 
the structure of the system may be unknown. Then it is neces
sary to determine the structures and parameters of many 
dynamic models, among which the optimal ones will be 
selected. This makes it difficult to establish usable patterns.

Therefore, it is advisable to develop this method, accord-
ing to which it is proposed to determine the parameters of 
the dynamic model according to the following sequence. 
First, carry out the analysis of the converter circuit and 
construct the dynamic models of sub-circuits. Next, an 
experiment is conducted with a simulation structural model 
of the converter, which is an input model of identifica-
tion. After that, procedures are carried out for identifying 
and selecting optimal dynamic models among a set of ini-
tial identification models, as a result of which equivalent 
dynamics equations, gear ratios, and transfer functions of 
the selected converter models are obtained.

In the proposed modification of the method, the conver
ter model is determined in advance, and at the identification 
stage it is enough to determine only its parameters. More 
simply, patterns are identified, and the number of initial 
identification models is significantly reduced. The results 
of using the proposed method on the example of determin-
ing the dynamic model of the charging resonance converter 
with inductive coupling between the charger and the battery 
of an autonomous object are given. The results of the pre-
sented analysis can be used in the design of resonant con-
tactless chargers
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1. Introduction 

Semiconductor resonance converters have become quite 
popular in applications that require high energy efficiency, 
electromagnetic compatibility, and a decrease in the weight and 
size parameters of the finished integrated device. Recently, with 
the increase in demand for electric transport of mass and indi-
vidual use, resonant inverters and converters based on them, 
which are capable of contactless transmission of electricity, 
require special attention. In particular, in order to achieve the 
competitive dynamic properties of the developed electric trans-
port, it is first necessary to investigate the dynamics of the ope
ration of semiconductor devices that underlie them, including 
resonant converters for contactless transmission of electricity. 

The use of the experimental-analytical method for deter-
mining the dynamic model (DM) of the resonant converter is 
effective due to preliminary information on its scheme, accord-
ing to which a structural model with causal relationships is 
built. The structural model replaces the real prototype conver
ter in the experiment and corresponds to the converter’s DM.  

It is an input model that will be subject to parametric identifi-
cation to determine relatively simpler equivalent DMs in the 
form of an output identification model (OIM). The validity 
of this method is based on the assumption that the simulation 
corresponds to real processes in the converter circuit. If the 
parameters of the model units that correspond to the sub-cir-
cuits of the converter are determined with sufficient accuracy, 
then the entire structural model of the converter will also 
correspond to its dynamic properties with sufficient accuracy. 
This approach makes it possible to circumvent the difficulties 
of a purely analytical way to build the DMs of converters of 
electricity with high-frequency switching of electrical cir-
cuits. Based on relatively simple linear models of subcircuits 
and nonlinear discrete links determined by analytical means, 
an equivalent compact in terms of DM expressions of a more 
complex converter system is created in the form of transfer 
functions or OIM equations. Therefore, the improvement 
of the experimental-analytical method for determining the 
dynamic model of the charging resonance converter with 
inductive coupling is a relative task.
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2. Literature review and problem statement

The properties of resonance circuits with one or more 
oscillatory circuits, to which a similar circuit of a charging 
resonant converter (CRC) belongs, are well known in ra-
dio engineering and are described mainly for stationary 
modes [1]. In [2], a charging resonant LLC device is de-
scribed, the calculations of electromagnetic processes in 
which are carried out by the method of finite elements but 
the calculations of its initial characteristics are performed 
at a static moment of operation of the converter, when they 
are conditionally considered unchanged. That is, they do not 
consider the overall dynamic pattern. In [3, 4], the authors 
pay attention to electromagnetic processes but carry out 
calculations only of their static characteristics. In the con-
version equipment, considerable attention is also paid to the 
dynamics of resonant converters [5]. Thus, the development 
of laws for effective control of power supply systems is based 
on knowledge of dynamic characteristics. However, if the 
transfer functions have an order equal to the number of reac-
tive elements of the converter substitution circuit, this may 
complicate the synthesis of stable controllers of automatic 
systems. For example, for a CRC substitution scheme, the 
order for the transfer function will be at least six. Therefore, 
scientists in this field apply methods for studying the dynam-
ics of converters, which make it possible to obtain equivalent 
dynamics equations and transfer functions of smaller orders.

A DM in [5], built by the method of discrete transfor-
mation of Laplace, connects the discrete values of processes 
between adjacent references. Such a model is well consistent 
with pulse converters with a constant switching period but 
for converters with frequency or phase control with variable 
periods, such a model will be approximate. Therefore, the 
determination of the dynamic characteristics of impulse (es-
sentially discrete) converters is sometimes performed using 
the method of continuous structural models [6] and equiv-
alent continuous circuits [7]. According to those methods, 
the type of equivalent continuous link is determined from 
the dynamics equations or equivalent circuits of the power 
unit are compiled. Methods [6, 7] are convenient for trans-
fer functions of only small orders (1–3). In other cases, the 
analysis of resonance circuits is also performed similarly to 
radio engineering, using the method of analysis on envelope 
oscillations [8]. They determine the relationship between the 
transfer function of the resonant network and the frequency 
characteristics of the converter, which makes it possible to 
take into consideration the action of the inverter-modulator 
with a rectifier-demodulator and reduce the order of DM. To 
determine the characteristics of resonant transducers near 
resonant frequencies, the method of the first harmonic is 
widely used [9, 10]. However, at a variable resonant frequen-
cy, as can be the case in a CRC with contactless energy trans-
fer, this method may not give a sufficiently accurate result.  
A convenient approach to take into consideration some 
features of pulse converters that complicate determining 
equivalent DMs, such as switching circles with uncer-
tain conditions, the nonlinearity of transfer characteristics, 
and impermanence of parameters, is experimental-analytical 
methods with system identification. These methods are rel-
atively universal and suitable for the analysis of converters 
both according to a known structure – according to their 
schematic models [11, 12], and with an unknown structure –  
in the form of systems such as «black box» [13, 14]. How-
ever, the obtained OIMs only in sufficient quantities make 

it possible statistically to establish patterns between the 
parameters of the schemes and their dynamic characteristics. 
Knowledge of these patterns is necessary to compensate for 
the parametric perturbations of power supply systems. On 
the other hand, the necessary patterns of processes are con-
tained in the analytical DM but it can be too difficult to use 
in the synthesis of controllers.

The problem is that analytical and experimental methods 
for determining dynamic models of converters (as objects 
and systems with inputs and outputs in general) have char-
acteristic disadvantages. By combining these methods, it 
is possible to reduce their shortcomings. As noted above, 
analytical methods can be difficult to use, yielding cumber-
some mathematical expressions or systems of equations that 
will require simplifications and the introduction of a number 
of assumptions that will reduce their validity. Experimen-
tal methods give, so to speak, too individual results and, 
to obtain generalized patterns, require a large number of  
experiments with subsequent data processing. To circum-
vent the complexities of analytical methods and reduce the 
complexity of traditional experimental and analytical me
thods, it is advisable to combine the preliminary analytical 
definition of dynamic models of individual blocks of conver
ters with the subsequent identification of their structural  
models as a whole.

Thus, in order to take advantage of analytical and exper-
imental methods, it is advisable to supplement the experi-
mental-analytical identification method with structural mo
deling of converters. The advantage of the structural model 
over the circuit model lies in the possibility of modeling the 
processes of converters with non-stationary parameters. The 
structural model is described by the dynamics equations and 
is essentially a graphic form of DM. This makes it possible 
to establish the desired patterns between the parameters of 
the circuit and the transfer functions. Machine modeling 
technology makes it easy to build a mixed structural model of 
CRC based on linear models of sub-circuits with permanent 
structures and based on nonlinear and discrete model blocks. 
In comparison, for example, with the structural-parametric 
identification of a circuit model or a prototype converter, 
automated parametric identification of the structural mo
del [15] has the following advantages:

– the structural model in comparison with the schematic 
model is more visual from the point of view of the study of 
dynamics since it corresponds to the causal relationships 
between the links-sub-circuits;

– to build a structural model, it is enough to define 
analytical DMs only for linear subsets with a continuous 
structure, which is a simple task. As a result of identification, 
the DM scheme of CRC is determined by taking into consi
deration nonlinear and discrete elements;

– a smaller number of OIMs is subject to comparative 
analysis and the obtained OIMs may have a smaller order 
than a purely analytical DM of CRC.

3. The aim and objectives of the study

The aim of this study is to determine the dynamic model 
of the resonant converter, which will make it possible to 
obtain its dynamic characteristics. This will make it possible 
to investigate the dynamics of resonant converters by a mo
dified experimental-analytical method even before the con-
struction of experimental samples by building a structural 
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model of the converter as an object of identification. During 
the study, the following tasks were solved:

– to build a structural model of CRC;
– to determine the dynamic characteristics experimentally;
– to determine the equivalent transfer functions of CRC 

by methods of system identification.

4. The study materials and methods

4. 1. Object and hypothesis of research
The object of our research is semiconductor resonant 

converters of electricity and methods for analyzing their 
dynamics. As the investigated resonant converter, a charging 
resonant converter with the contactless transmission of elec-
tricity was considered.

The research hypothesis assumed the following. If the 
processes in the structural model of the resonant converter 
coincide with sufficient accuracy at the characteristic points 
of the set of working cycles with the processes of the expe
rimental sample of the resonant converter, then the dynamic 
characteristics of the structural model will correspond with 
sufficient accuracy to the dynamic characteristics of the ex-
perimental converter.

The experimental-analytical method implements the se-
quence «experiment with a full-scale sample – analytics – 
dynamic model» when the structure of the system may be 
unknown. In this case, it is necessary to determine the struc-
tures and parameters of many dynamic models, among which 
the optimal ones will be selected. This makes it difficult to 
establish useful patterns. The development of this method lies 
in the fact that the analysis of linear sub-circuits of the con-
verter with permanent structures is performed, their dynamic 
models are determined in the form of links with transfer 
functions. Then a converter model is composed of links, which 
also contain nonlinear links with interchangeable structures –  
an inverter and a rectifier. The parameters of the dynamic 
model are determined according to the sequence: «analy
tics 1 – experiment with model 1 – analytics 2 – model 2».  
Analytics 1 is the analysis of the converter circuit and the 
construction of dynamic models of sub-circuits. Model 1 – 
simulation structural model of the converter, which is the 
input model of identification. Analytics 2 are procedures for 
identifying and selecting optimal dynamic models among a set 
of initial identification models. Dynamic model 2 – equivalent 
dynamics equations, gear ratios, and transfer functions of the 
selected converter models.

4. 2. This study’s scheme
The experimental scheme of CRC with non-contact 

energy transfer in Fig. 1 consists of inverter I, rectifier B,  
phase-shifting filter FZF, generator G. The resonance net-
work (RM) consists of inductors L1 (transmitting) and  
L2 (receiving), capacitors C1 and C2 to compensate for para-
sitic inductances. The input of the CRC power supply is con-
nected to the voltage of the energy source us = Us0+Δus with 
constant Us0 and variable Δus components, which represents 
the rectified voltage of the power network or another source 
of unstable voltage (generators, solar cells, batteries, etc.). 
The output of CRC is connected to the consumer of energy –  
a source of constant voltage Uq, which is represented by  
a rechargeable battery that receives electricity and is charged. 
In charging mode, coils close to each other have a mutual in-
ductance M. Magnetic connection coefficient between coils is 

a parametric input value and can vary widely in the process of 
modeling km = 0...1. The inverter operates under two modes. 
The first is the forced generation mode with a constant fre-
quency Fg. At the same time, the PSK control signal switch is 
in the left position «P» and the inverter receives a control sig-
nal from the generator. The second mode is the self-generation 
mode, in which the inverter control voltage is induced from 
the signal of the current sensor i1 of the primary circuit. This 
signal passes through ZF and is fed to control the inverter.  
Then PSC is in the right position «A».

 
F S 

Fig. 1. Scheme for studying the dynamics of the charging 
resonance converter: Іnv – inverter, Rec – rectifier, 	

RN – resonant network, G – generator, CSS – control 	
signal switch with positions of forced generation F 	

and self-generation S, PhSF – phase-shift filter

The DM of CRC is determined in three stages. Firstly, 
based on theoretical analysis of the CRC circuit, its compu
ter structural model is built, which consists of linear transfer 
links of proportional or integral types and nonlinear discrete 
links. Secondly, experimentally, using the structural model 
of the CRC, some of its static and dynamic characteristics 
are determined. Among them are the gear ratio, transient 
characteristics of the output current, the dependence of the 
output current on the magnetic coupling coefficient between  
the coils I kq m Uq

( ) ;
=const

 the dependences of the operating 
frequency of self-generation on the magnetic coupling coef-
ficient between the coils F kg m Uq

( ) .
=const

 The transfer charac-
teristic is the dependence of the output current on the supply 
voltage at a constant output voltage I Uq s Uq

( ) .
=const

 The tran-
sient characteristics of the output current are determined in 
continuous i tq Uq

( )
=const

 and discrete i nq Uq
( )

=const
 time. Third-

ly, these experimental data are automatedly normalized, 
analyzed by regression analysis methods and, as a result, the 
OIM transfer functions are found, close in dynamic charac-
teristics to the CRC under a certain mode of operation. 

4. 3. Parameters of the structural model and methods 
of analysis of experiment data

The experimental part of our research was carried out in 
the MATLAB package using the Simulink simulation system 
and the Ident GUI application from the System Identifica-
tion Toolbox. The structural model of CRC is implemented 
as a Simulink model in Fig. 2, a according to the diagrams in 
Fig. 4, 5, 7–10. When simulating the processes of the CRC, 
the following simulation options were set: Stop Time = 200, 
500, 1000 (selected for different conditions); Solver Options: 
Variable Step, Max step size = 0.001. In the model, we use 
the method of calculating ode15s (stiff/NDF), which calcu-
lates the state of the model using numerical variable-order 
differentiation formulas (NDF), which are associated with 
the Gere method but more efficient [15]. Other simulation 
options are set by default.

Next are the parameters of the structural model of  
the CRC. The rated supply voltage Us0 = 1 V. Output volt-
age Uq = 0.5 V. Frequency of inverter generator Fg = 1 Hz. 
The parameters of the elements of the RM were chosen to be  
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the same for the primary and secondary sides since the trans-
mitting and receiving coils can also be the same. Therefore, 
the transformation coefficient n = 1. The inductance of the 
coils L1.2 = 1.27 Gn. The capacitance of capacitors C1.2 = 2 F. 
Serial equivalent loss resistance r1.2 = 0.0159 Ohm. Quality 
of each serial RLC-chain Q1,2 ≈ 5. With a magnetic coupling 
coefficient km = 0.99, the scattering inductance, according 
to (5), is Ls1 = Ls2 = 0.0127 Gn, and the resonance frequency 
of the series RLC circuit is f0 ≈ 1 Hz, the free oscillation fre-
quency is f1 ≈ 0.994 Hz (respectively, the angular frequencies 
ω0 = 2πf0, ω1 = 2πf1). Wave impedance ρ1.2 = 0.08 Ohm. The 
real values of the magnetic coupling coefficient for charging 
systems of vehicles where the inductors are at certain dis-
tances from each other, are in the range of km = 0.7–0.85 [16]. 
For charging systems with magnetic connectors, the values 
are significantly higher and can reach km = 0.95–0.995.  The 
RM parameters can be scaled for new values of the supply 
voltage ′ = ′L U Ls1 2 0 1 2, , ,  ′ = ′C C Us1 2 1 2 0, , ,  ′ = ′r U rs1 2 0 1 2, , ,  of the operat-
ing frequency ′ = ′L L fg1 2 1 2, , ,  ′ = ′C C fg1 2 1 2, , ,  of the rated output 
current ′ =L L kI1 2 1 2, , ,  ′ =C k CI1 2 1 2, , ,  ′ =r r kI1 2 1 2, , .  Here, kI is the 
coefficient of change in the rated output current.

In the course of model experiments, the supply voltage 
was changed by several degrees. Removal of transient char-
acteristics of the output current iq(t) in continuous time and 
current Iqn in discrete time was performed after the structural 
model of the CRC reached the rated mode on the second step 
of the supply voltage. This is due to the fact that the CRC 
manifests itself as a significantly nonlinear transmission link 
in the start-up area for small input values (0–30 % of rated). 
The input of the structural model of the CRC was initially 
supplied with a rated voltage Us0 and after entering the rated 
mode and the end of the transients, the following degree of 
supply voltage Δus was added, which was 10 % of the rated 
voltage (first stage). The simulation lasted at least until the 
damping of the free components and the establishment of  
a steady-state mode of operation. To fix the average value of 
the output current in each half-period of the inverter oscilla-
tions at the output of the structural model, the current aver-
age fixator in Fig. 2, b. inverter at the output of the structural 
model we used a clamp of the current average in Fig. 2, b. It 
integrates every nth half-wave of current iq(t)n and divides 
its integral by the measured half-wave period Tn. At the out-
put, the next average value Iqn is fixed.

The simulation results of transients were stored in the 
MATLAB working area as an array of input and output values 
yout, and an array of simulation time tout. Then they were 
processed using a program in an m-file. Processes from the 
beginning of the second stage of the supply voltage were 
separated, brought to the beginning of coordinates, and to 
a unit value. Further, they were uniformly thinned with the 
step Tcp (average period of current half-waves during the 
simulation time). Along the way, the current gain of the CRC 
KUI = ΣΔIqn/ΣΔusn was calculated for data areas when the 
values of the output current Iqn reached a constant value. For 
the identification procedure, the Ainput and Aoutput arrays 
were formed as a result of the experiment with the data of 
normalized transient processes. The discreteness step of the 
normalized data was taken as unity and with single constant 
values of increments of quantities.

The identification of the structural model of the CRC as 
a linearized discrete system was performed in the Ident GUI 
application from the System Identification Toolbox section. 
Ainput and Aoutput arrays obtained from simulation data 
were imported as derived data. The discreteness step was 

set to Samp. interv. = 1. In the process of identification at the 
output of each procedure Estimate→Parametric models we 
automatically built so-called arx-models of certain orders and 
a certain system delay (Np = 2...4, Nz = 1...4, τ = 0...3T), which 
were set manually in advance. Such OIMs were chosen that 
would ensure the slightest deviations of their own processes 
from the processes at the output of the structural model of 
the CRC.

A variation of types of OIM in MATLAB is the 
polynomial mathematical arx model (Autoregressive with  
Extra Input), which is the equation of a discrete-continu-
ous system:

A q y t B q u t e t( ) ( ) = ( ) −( ) + ( )τ ,

where A(q) = 1+a1q–1+a2q–2+... aNq–Np, y(t) is the initial 
value of the system, B(q) = b0+b1q–1+b2q–2+... bMq–Nz, u(t) 
is the input value of the system; here, it is also indicated:  
Np – the number of poles, Nz – the number of zeros of the  
transfer function, q – delay operator: q–1u(t) = u(t–T),  
τ – the input delay of the system.  A discrete-continuous 
system has discrete time delays multiple to a fixed period T, 
and continuous input and output values. If in this system the 
input value u(t) is also discrete u(nT), then the system can be 
represented as completely discrete. Then the above equation 
can be rewritten in operator form, where q replaces the opera
tor z = epT and instead of discrete functions of time, the equa-
tions contain their operator representations (u(nT)→u(z)).

Deviations between the processes in the OIM and in 
the structural model of the CRC were evaluated according  
to two criteria. The value of the first criterion – standard 
error (LF – Loss function) is:

LF w f x yj j j
j

N

= ( ) −( )
=

∑
2

1

,

where j is the number of data elements, N is the number of 
elements in the data set, xj is the input values of the system, 
yj is the output values of the system, f(xj) is the projected 
output values of the OIM, wj is the weight coefficients, the 
sum of which is equal to unity.

The second criterion is the final prediction criterion by 
Akaike (FPE – Final Prediction Error), which evaluates 
the quality of OIM when the structural model is tested on 
a different dataset. After calculating several different OIMs, 
one can compare them according to this criterion. According 
to Akaike’s theory, the most accurate OIM has the smallest 
FPE. The final prediction error of Akaike (FPE) is determined 
from the following equation:

FPE LF d N d N= +( ) −( )1 1/ / ,

where LF is the criterion of standard error, d is the number of 
parameters evaluated, N is the amount of data.

Discrete-continuous transfer functions of OIM with  
a period T = 1 can also be applied to other values of the dis-
creteness period. To bring the DM to the real scheme of CRC 
in time, it is sufficient to go to a discreteness period equal to 
the half-wave period of the rectified current T = 1/2fg instead 
of a single discreteness period. In this case, the coefficients of 
the transfer function will not change if the inductances and 
capacitances of the power circuit of CRC during the transi-
tion to another time scale change inversely proportional to 
the change in the rated operating frequency.



Energy-saving technologies and equipment

21

Fig. 2. Simulink-model scheme: a – charging resonance converter; b – retainer of the current average value Pi-Hold

 
 

 

 
 

 

a

b

5. Results of studying the charging  
resonance converter 

5. 1. Structural model of the converter
The structural model of CRC is explained by the T-shaped 

scheme of substitution of RM in Fig. 3 with sources of alter-
nating voltages at the input and output of the circuit: ug – the 
output voltage of the inverter and ub – the input voltage of 

the rectifier. Conductivities Y1 and Y2 contain active resis-
tances, inductances, and capacitances. Resistance Zm consists 
of active resistances and inductance.

According to the scheme in Fig. 3, we have the equation 
of voltages at conductivities Y1 and Y2, and current through 
resistance Zm:

  u u uY g m1 = −  and u u uY m b2 = − ,  i i im = −1 2, 	 (1)
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which corresponds to the block diagram of the block model of 
the CRC in Fig. 4. The input values of the structural model of 
the CRC are the supply voltage us and the output voltage Uq.  
The main output value is the output current (consumer 
current) iq. There are additional outputs for controlling the 
processes of the circuit – currents i1 and i2 of the primary and 
secondary circuits.

 
Fig. 3. T-shaped resonant network substitution circuit: 	

ug – inverter output voltage, ub – rectifier input voltage

 
Fig. 4. Block diagram of the structural model of the charging 

resonance converter: Іnv – inverter, Rec – rectifier

Briefly, the principle of operation of the structural model 
of CRC can be described as follows. In inverter I, a rectangu-
lar voltage ug is generated, the amplitude of which is set by 
the value of the supply voltage us. The frequency of the out-
put voltage can be constant Fg or variable fag and determined 
by the signal uf of positive feedback on the current of the 
primary circuit. Due to the feedback action, the frequency of 
the inverter fag automatically adjusts close to the resonant 
frequency f01 of the primary circuit i1, which contributes 
to better compensation for the parasitic inductances of the 
scattering of the coils. Under the action of voltage ug, a cur-
rent i1 passes in the primary circuit, which is divided into 
the current of the secondary circuit i2 and the magnetization 
current im. The current of the secondary circuit i2 is rectified 
and enters the consumer (battery) in the form of current iq. 
The output voltage Uq is applied to the other input, which 
also affects the magnitude of the output current iq. The 
structural model in Fig. 4 makes it possible to investigate 
the dynamics of CRC by the input of the supply voltage us, 
the output voltage Uq, the frequency fg and by parametric 
inputs. Output values are the currents of the circuits i1 and i2 
and the output current iq. It is also possible to investigate the 
self-generation frequency fag.

5. 2. Determining dynamic characteristics 
5. 2. 1. Structural models of converter sub-circuits
Blocks in the structural model in Fig. 4 correspond to 

the sub-circuits of the electrical circuit of the converter. 
These blocks as transmission links are divided by input and 
output signals (current or voltage) into ii-links, iu-links (ope- 
rator supports Z), ui-links (operator conductivities Y), and 
uu-links. Block structures, in turn, consist of inertial and 
inertial transmission links. Reactive elements are modeled 

only by integral links. This ensures compliance with the laws 
of switching when the inductance current or voltage on the 
capacitance cannot be replaced instantly or by a step func-
tion. Let us consider in detail the structural models of the 
sub-circuits – first, the elements RM Y1, Y2, and Zm for the 
CRC in Fig. 1.

The total conductivities Y1 and Y2 are sequential reso-
nant RLC circuits consisting of sequentially activated induc-
tance L, capacitance C, and active resistance rs in Fig. 5, a. 
At r L Cs < 2  (the quality of the circuit will be Q>0.5) 
free processes in RLC–circuit will be oscillatory in nature 
and at periodic external voltage u with frequencies close to 
f LC0 1 2= ( )/ π  the result will be a resonance effect, which 
is often used in electricity converters [2, 5, 7–9]. Therefore, 
these RLC-circuits are called resonant. First, we take as an 
input value the total voltage u on the RLC circuit, and for 
the output value – its current ir. That is, we represent the 
resonant circuit as conductivity Y (ui-link).

 
a b

Fig. 5. Sequential resonant circuit: a – circuit; b – structural 
model (the dotted line shows an additional part for 

conversion to ii (iu)-link)

The differential equations of the processes of the scheme 
in Fig. 4 will take the form:

L di dt u i r u

C du dt i
r r s C

C r

⋅ = − −
⋅ =





;

,
	 (2)

where uC is the voltage on the capacitance. Equation (2) cor-
responds to the structural model in Fig. 5, b, which is already 
a ui(uu)-link with one input u and two outputs ir and uC.

To determine the transfer function, we rewrite (2) in 
matrix form:

d
dt

i

u

i

u
ur

C

r

C









 = ⋅


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
 + ⋅A B , 	 (3)

where

A =
− −









r L L

C
s 1

1 0

is the system matrix,
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

r L L

C
s 1

1 0
,  B =











1

0

L

is the input matrix.
Then the matrix transfer function takes the form:

H O I A Bs
i

u
u s

sC s LC sCr

s LC sCr

r

C

( ) =








 ⋅ = ⋅ ⋅ − ⋅ =

=
+ +( )

+

− −1 1

2

2

1

1

( )

++( )












=
( ) + +( )

( ) + +( )














1

1

1 1

0

2

0

0

2

0

sC s s Q

s s Q

ω ω

ω ω
, 	 (4)

where u is the input value,
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Y s s sC s s Q( ) = ( ) = ( ) + +( )H1 0

2

0 1ω ω

is the conductivity of the RLC circuit, s is the Laplace ope
rator. Contour parameters: Q = ρ/r – quality, ω0 1= LC  – re- 
sonance frequency, ρ = L C  – wave impedance. 

To convert the subcircuit to the ii(iu)-link, where the in-
put value instead of the voltage source u will be the current i,  
one can enter an additional parallel resistance rp, as shown 
by the dotted line in Fig. 5. The voltage on the RLC cir-
cuit will be expressed through an additional parallel resis- 
tance u = (i–ir)rp. This will make it possible not to change 
the original mathematical model of the subcircuit (2) and 
the structural model in Fig. 5, b, adding to it the elements 
shown by the dotted line. The value of the additional pa
rallel resistance should be chosen relatively large r L Cp    
or rp >> rs so that its influence on the processes in the circuit 
is negligibly small. 

The channel for non-contact energy transmission from 
source us  to consumer with voltage us Uq in Fig. 1 are two 
closely spaced coils with a significant magnetic coupling 
between them in Fig. 6, a. The coil system is characterized 
by inductances L1 and L2, active resistances r1 and r2, mutual 
inductance M k L Lm= 1 2  and magnetic coupling coefficient, 
which can slowly change within km = 0...1. Parallel resistan
ces  rd1 and rd2 (shown by the dotted line) simulate active 
losses due to eddy currents. We shall consider the voltage u1 
and the current i1 as input values, and the voltage u2 and the 
current i2 as the output values.

Some assumptions have been made that do not funda-
mentally affect the achievement of the objectives of this 
study: with changes in the relative position of the coils, 
only the mutual inductance M changes without changing 
the inductances of the coils L1 and L2. This is possible when 
there are no ferromagnetic elements in the system and the 
change in the relative position of the coils does not change 
the magnetic resistance for its own fluxes. Also, suppose 
that the same magnetic flux passes through each turn of 
a separate coil (the coils are thin rings). As a result, when 
the magnetic coupling coefficient between the coils km = var 
changes, the transformation coefficient will be unchanged 
n = const, which makes it possible to consider this coil system 

as a linearized transformer in Fig. 6, b with the following 
parameters:

– transformation coefficient n L L w w= =1 2 1 2 , where 
L1 and L2 – complete primary and secondary inductances,  
w1 and w2 – the number of turns of the primary and secon
dary coils;

– magnetic coupling coefficient k M L Lm = 1 2 , where M is  
mutual inductance.

The inductances of the primary and secondary windings 
of the transformer are divided into two parts L1 = Ls1+Lm1 and 
L2 = Ls2+Lm2, which are described by the following ratios:

L L ks m1 1 1= −( ), L L ks m2 2 1= −( ), 

L L km m1 1= , L L km m2 2= ,	 (5)

where Ls1, Ls2 – scattering inductors whose magnetic fluxes 
are separate, Lm1, Lm2 – fully connected to each other induc-
tors that have a common magnetic flux. Equivalent resistan
ces of active losses are also divided into two parts r1 = rds1+r dm1  
and r2 = rds2+rdm2, which may have different reciprocal rela-
tionships than parts of inductances in (5).

The processes in each of the two similar RL circuits in 
Fig. 6, a at zero currents in the other circuit can be described 
by the equations:

u L
d
dt

i u rL L d= −( ),  u r i
L

u t iL d L

t

L= − + ( )




∫
1

0
0

d ,  

i
r

u uRL L= −( )1
,	 (6)

where uL is the voltage at the inductance L,rd – parallel resis-
tance, i – total circuit current, r – serial resistance, uRL – total 
circuit voltage.

Equation (6) corresponds to the structural model in 
Fig. 7, a, which we take as the basis of the structural model 
of the circuit in Fig. 6, b and the T-shaped transformer sub-
stitution scheme in Fig. 6, c with the given parameters of the 
primary side to the secondary side: L L n1 1

2* ;=  r r n1 1
2* ;=  

i n i1 1
* ;= ⋅  u u n1 1

* ,=  where the reduced values Ls1
* ,  Lm1

* ,  rd1
* , im1

* ,  
um1

*  will also be determined in a similar way. 

     
 

 

     
 

 

     
 

 
a b c

Fig. 6. Schemes: a – magnetically connected coils with mutual inductance M; b – linearized transformer 	
with separated windings; c – T-shaped substitution scheme with given primary parameters

Fig. 7. Structural models of RL circuits: a – with serial r and parallel rd resistances and with the transfer function HRL(s); 	
b – only with sequential active resistance (rd = ∞) and with full conductivity Y1(s); c – only with parallel 	

active resistance (r = 0) and with full resistance Zm(s)

       
a b c
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The ratios of inductances for the T-shaped transformer 
replacement circuit will be [17]:

L L k ns m1 1 1= −( ), L L k ns m2 2 1= −( ), 

L L k n L k nm m m= =1 2 .	 (7)

In the diagram in Fig. 6, c, expressions (7) become similar 
to expressions (5), which will exclude negative inductance 
values undesirable in structural models at certain values of n.

Usually, with coils close to each other, the most signifi-
cant losses of magnetization occur in a common field of coils. 
Therefore, in the T-shaped substitution scheme at values of 
km close to one, resistances rds1 and rds2 can be ignored. They 
can be taken close to infinity, and losses on eddy currents 
can be considered concentrated in a single parallel resistance 
r r r r rd dm dm dm dm= ⋅ +( )1 2 1 2

* * ,  where r r ndm dm1 1
2* =  – the reduced 

primary resistance to magnetization losses. Then the struc-
tural model in Fig. 7, a will be replaced by structural models 
of the serial chain r1L1 (or r2L2) in Fig. 7, b, and parallel chain 
rdLm in Fig. 7, c. The transfer functions of their structural 
models will accordingly take the form:

H s
L r

s L r r r rRL
d d

( ) =
+( ) ⋅( ) +

ρ
1

,  

Y s
r

s L r1
1

1 1

1
1

( ) =
+

,  Z s
sL

s L rm
m

m d

( ) =
+1

,	 (8)

where the expression Y2(p) will be similar to the expres-
sion Y1(p).

Substitution scheme in Fig. 6, c is similar to the RM 
substitution scheme in Fig. 3. Therefore, according to (1), 
using the structural models of RL-chains in Fig. 7, b, c, it is 
possible to build a structural model in Fig. 8, a for the dia-
gram in Fig. 6, c. Dashed lines show the parametric effects 
L L L ks s m1 2 2 1* ,= = −( )  Lm = L2km at km = 0...1. The generalized 
flowchart of this structural model in Fig. 8, b is consistent 
with the diagram in Fig. 4.

The processes of both structural models can be described 
by equations of the following type in operator form (for the 
scheme in Fig. 4 at n = 1):

i s n u s n u s Y sm1 1 1( ) = ( ) − ( )( ) ( ),

i s u s u s Y sm2 2 2( ) = ( ) − ( )( ) ( ), 	 (9)

u s i s n i s Z sm m( ) = ( ) − ( )( ) ( )1 2 ,

or in matrix form x A x B u= ⋅ + ⋅ ,  where

x =
( )
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Y s n

Y s
1

2

2

0

0
.

The solution to (8) is the matrix transfer function of  
RM CRC:

H x u I A Bs
H s H s

H s H s
( ) = ⋅ = −( ) ⋅ =

( ) ( )
( ) ( )
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21 22
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where
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2 1

1 2

2

2

1

1
( ) = −

( )⋅ + ( )⋅ ( )( )
+ ( )⋅ ( ) + ( )( ) =

( )
ss( ) ,

u1(s) and u2(s) are the input values, i1(s) and i2(s) – output 
values, s – Laplace operator. Expressions of operator conduc-
tivities Y1 and Y2 for a non-resonant circuit of a converter 
with a transformer are taken from (8) as the conductivity of 
the RL circuit, and for the CRC – from (4) as the conducti
vity of the RLC circuit. The expression of the magnetization 
resistance Zm is taken from (8). Thus, the structural model 

of CRC is built based on the structural 
model of the RM in Fig. 8, b.

Next, consider the structural mo
dels of the inverter and rectifier. The 
inverter can be represented as an ampli-
tude modulator of alternating rectangu-
lar voltage in Fig. 9, which is formally 
described by the following expression 
u = usΣП(t–nT)(–1)n, where us = Us0+Δus 
with constant Us0 and variable Δus 
components, n = 0, 1, 2... – half-period  
number, P(t) = 1(t)–1(t–T) is the func-
tion of rectangular momentum length T,  
1(t) – function of a unit rectangular power.

The input value of the inverter is the 
low-frequency variable component Δus, 
which simulates the instability of the 
supply voltage. 

The output value is a rectangular voltage ug, the amplitude 
of which is equal to the supply voltage us. Signal of the primary 
current i1 and band FZF with a transfer function of the form:

H s spf pf pf= +( )τ τ1 ,

is used to synchronize the inverter under a self-genera-
tion  mode.

    
a b

Fig. 8. Structural models: a – T-shaped transformer substitution circuit with 
variable magnetic coupling coefficient; b – resonant network 	

(generalized flowchart)
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Fig. 9. Block diagram of inverter model: G – constant 

frequency pulse generator, Hpf – phase shift filter 
transmission function

At the input of the rectifier made of diodes VD1–VD4 
in Fig. 10, a, the alternating current of the secondary circuit 
RM CRC i2 is supplied, which is rectified and passes through 
the energy consumer uq in the form of a rectified current |ib|, 
where ib = i2–irp. Resistance rp at the rectifier input simulates 
losses on the leakage current irp from the rectifier input side 
at reverse voltages on the diodes. Structural model of the 
rectifier in Fig. 10, b consists of linear and nonlinear links and 
takes into consideration the voltage drop on the diodes in the 
forward direction uVD = 2UVD_for Input values of the structur-
al model of the rectifier are current i2 and output voltage uq. 
Output values are rectified current |ib| and input voltage ub.

Fig. 10. Bridge rectifier: a – circuit; b – structural model

     
a

b
     

If it becomes necessary to investigate CRC with  
a different type of load than the rechargeable battery, for 
example, dotted line on the diagrams of Fig. 10 shows the 
connection of the resistive load rn with the filtering ca-
pacity Cq instead of the consumer in the form of a voltage 
source uq. Then the output voltage will be determined as 
u i u r sCq b q n q= −( ) ,  hence one can express the resistance of 
the load circuit Z u i r sC rn q b n q n= = +( )1  for the structural 
model in Fig. 10, b.

5. 2. 2. Static characteristics
In the course of experimental studies of the structural 

model of the CRC, a number of static and dynamic charac-
teristics were obtained. Below are some static characteristics, 
the data for which were taken from data areas where the pro-
cesses acquired a stationary character and then were deter-
mined as average values from several experiments. Charac-
teristics were acquired at a constant output voltage Uq

* . .= 0 5   
The values of the voltages on the characteristics are indicated 
in units relative to rated values. 

Fig. 11 shows the transfer characteristics of the CRC for 
power supply – the dependence of the output current on the 
supply voltage I Uq s Uq

( )
=const

 in the operating range of the 
supply voltage at a constant output voltage. 

Fig. 12 shows the dependence of the output current 
on the magnetic coupling coefficient between the coils 
I kq m Uq

( )
=const

 for forced generation (A) and self-generation 
modes (B, C) with different FZF time constants and supply 
voltage values (curves 1 and 2).

Fig. 13 shows the dependence of the operating frequency 
under the self-generation mode of CRC on the magnetic cou-
pling coefficient between the coils F kg m

Uq
( )

=const
 for different 

PhSF time constants. 

 
Fig. 11. Transfer characteristics Iq(Us): 	

1 – km = 0.95; 2 – 0.97; 3 – 0.99 (solid lines – forced 
generation mode, dashed lines – self-generation mode)

 
Fig. 12. Plots of the dependence of the output current 	

on the magnetic coupling coefficient Iq(km): 	
A – for forced generation with a frequency Fg = 1 Hz, 	

B – for self-generation at τpf = 0.2 s, C – for self-generation 
at τpf = 1.0 s; 1 – Us

* ;= 1  2 – Us
* .= 1 1

 
Fig. 13. Dependences of the self-generation frequency 	

of the charging resonance device on the magnetic coupling 
coefficient: 1 – τpf = 1.0 s; 2 – τpf = 0.2 s

On the static characteristics, the rings marked the expe
rimental points of the argument values, in which the average 
values of the values-functions were calculated according  
to the data of a series of experiments with the structural 
model of CRC.

5. 2. 3. Dynamic characteristics
Below in Fig. 14, we show plots of the processes of the 

structural model of the CRC when modeled in Simulink.
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Fig. 15 shows the normalized transient characteristics of 
the structural model of CRC and the transfer functions of 
OIM, taken at ΔUs

* . ,= 0 1  Uq
* .= 0 5  for several values of the 

magnetic coupling coefficient km between the coils.

      
 
 

     
 
 

     

t, s t, s 

t, s t, s 

t, s t, s 

                a                                b

                c                                d

                e                                f

Fig. 14. Plots of processes in the resonant network 	
of the structural model of the charging resonance device with 

km = 0.7: a –c – for the forced generation mode; 	
d –f – for self-generation mode; a, b – an increase 	

in fluctuations at startup; b, d – voltages of the inverter ug, 
rectifier ub, and current of the primary circuit i1 	

(current on a scale of 0. 1)

    
 
 

  
 
 

   
 
 

 

                a                                b

                с                                d

                e                                f

j

Fig. 15. Transient characteristics of the charging 	
resonance device and the output identification model: 	

а –c – for the forced generation mode; d –j – for self-
generation mode, 1 – output signal of the structural model 
of the charging resonance device, 2 – output signal of the 

output identification model

From the plots of transient characteristics (Fig. 15) it can 
be seen that at lower values of the coupling coefficient km, the 
transients are oscillatory.

5. 3. Transfer functions 
As a result of automated identification by the least 

squares method, the Ident GUI produced the following nor-
malized transfer functions of OIM the type of arx441 [15], 
magnetic coupling coefficients, and deviation criteria for the 
forced generation mode at Fg = 1 Hz:

H q

q q q q
q

( ) =

=
− + + +

+ +

− − − −

−

0 0003613 1 108 2 333 1 232
1 2 062 1

1 2 3 4

1

. . . .
. .. . .

,
365 0 24 0 0057852 3 4q q q− − −+ +

	 (11)

where km = 0.7, LF = 1.79574e–006, FPE = 1.94233e–006,

H q

q q q q
q

( ) =

=
+ + +

+ +

− − − −

−

0 001387 0 8723 1 817 1 01
1 1 39 0 80

1 2 3 4

1

. . . .
. . 662 0 4463 0 058382 3 4q q q− − −+ +. .

, 	 (12)

where km = 0.95, LF = 8.39577e–006, FPE = 9.03851e–006,

H q

q q q q
q

( ) =

=
+ + +

+

− − − −

−

0 0007292 0 1354 0 3375 0 2565
1 0 7763

1 2 3 4. . . .
. 11 2 3 40 7749 0 4494 0 1483− − +− − −. . .

,
q q q

	(13)

where km = 0.99, LF = 2.10871e–006, FPE = 2.25351e–006.
Below are the normalized transfer functions of OIM the 

type of arx321 [15], magnetic coupling coefficients, self- 
generation frequencies, and deviation criteria for the self-ge
neration mode:

H q
q q

q q
( ) =

+
− + −

− −

− −

0 002866 0 01125
1 0 9517 0 005012 0 03896

1 2

1 2

. .
. . . qq−3 , 	 (14)

where km = 0.7, fag = 0.188 Гц, LF = 0.000296686, FPE = 
= 0.000302316,

H q
q q

q q q
( ) =

+
− + −

− −

− − −

0 04551 0 0439
1 0 8355 0 4682 0 5434

1 2

1 2 3

. .
. . .

, 	 (15)

where km = 0.95, fag = 0.458 Гц, LF = 0.000410605, FPE = 
= 0.000418166,

H q
q q

q q q
( ) =

− +
− − −

− −

− − −

0 004908 0 1692
1 0 4946 0 2726 0 06808

1 2

1 2

. .
. . . 33 , 	 (16)

where km = 0.98, fag = 0.721 Гц, LF = 7.22731e–005, FPE = 
= 7.36041e–005,

H q
q q

q q q
( ) =

+
− − +

− −

− − −

0 1046 0 2441
1 0 2305 0 6199 0 1992

1 2

1 2 3

. .
. . .

,	 (17)

where km = 0.99, fag = 1.017 Гц, LF = 8.48779e–006, FPE = 
= 8.65421e–006.

The above transfer functions of OIM correspond to the 
static transmission coefficients of the structural model of 
CRC kUI = ΔIq/ΔUs: for (11) – kUI = 0.2037, (12) – kUI = 1.5,  
(13) – kUI = 25.5, (14) – kUI = 18.4, (15) – kUI = 24.4,  
(16) – kUI = 26.2, (17) – kUI = 25.5.
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6. Discussion of results of studying of the charging 
resonance converter 

Static characteristics of the structural model of CRC in 
Fig. 11–13 were obtained by averaging the values of tran-
sients in the parts where the processes were established. 
Transmission characteristics for power Iq(Us) in Fig. 11 
are close to linear at Us>Uq. In this supply voltage range, 
the primary and secondary circuits operate under resonant 
modes when the oscillation frequency is close to the resonant 
frequency of the circuit. The shape of the voltage at the input 
of the rectifier ub is close to rectangular. Fluctuations in the 
circuit currents under the stationary mode have a constant 
amplitude. The linearity of the transmission characteristics 
was observed under the modes with forced generation and 
under the self-generation mode (dashed lines in Fig. 11), so it 
can be assumed that the CRC DM for the input on the supply 
voltage is also linear.

At Us<Uq, the amplitude of oscillations on the mag-
netization inductance Lm is not sufficient to establish the 
resonance mode in the second circuit since the rectifier 
diodes do not open at all or open for a relatively small part 
of each semi-period of voltage. Oscillation mode depends 
on the ratio of the inductances of the scattering Ls and the 
magnetization inductance Lm, which is common to both 
contours. In such a two-circuit system, the resonance con-
ditions are distributed between the serial resonance only 
with the scattering inductors and the mixed series-parallel 
resonance, in which the magnetization inductance is also 
involved [11, 18]. Therefore, at Us>Uq. there is no constant 
ratio between the conditions of both types of resonance 
and the transfer characteristic of CRC is nonlinear, and 
the output current is too small (less than 5 % of the rated).

The dependences of the output current on the magnetic 
coupling coefficient Iq(km) in Fig. 12 are significantly non-
linear. The greatest nonlinearity of the characteristics is 
observed under the mode with forced generation (curves A). 
When the magnetic connection between the coils km decrea
ses, the scattering inductances Ls, which determine the fre-
quencies of successive resonances, increase sharply. Since the 
operating frequency does not change, the resistances of the 
series RLC circuits increase and the amplitude of oscillations, 
as well as the output current, decrease quite quickly. How-
ever, under a self-generation mode, with the same changes 
in the magnetic coefficient, the output current changes to  
a lesser extent. The dependence of the output current on the 
magnetic coupling coefficient decreases with an increase in 
the time constant time of PhSF τpf since the self-generation 
frequency approaches the resonant frequency. This can be 
seen from the comparison of the characteristics A, B, and C.

The dependences of the self-generation frequency on 
the magnetic coupling coefficient in Fig. 13 for two values 
of the time constant of PhSF τpf are similar to each other. 
These dependences can be used to determine the sensitivity 
coefficient of the system over the perturbation channel as 
ksm = ΔFg/Δkm under the CRC operating mode.

Fig. 14 shows the plots of the processes of the Simulink 
model of CRC for the magnetic coupling coefficient km = 0.7 
and the modes of forced generation and self-generation. Plots 
in Fig. 14 were compared with the oscillograms of the circuit 
model of CRC and with the signals of experimental laborato-
ry samples of resonant converters. Convergence of modeling 
plots in Fig. 14 with oscillograms additionally indicates that 
the structural model corresponds to the real scheme of CRC.

Transient characteristics for a constant operating fre-
quency under the mode with forced generation in Fig. 15, a–c 
have an oscillatory character when the operating frequency is 
removed from the resonant one. This is explained by the fact 
that in the double-circuit oscillatory system of CRC, the phe-
nomena of beats are observed. Along with forced oscillations 
at the operating frequency (they can appear in pulsations of 
the rectified current), there are two types of oscillations. The 
first type is oscillations with a difference between the operat-
ing frequency and the resonant frequency of the primary or 
secondary circuit. Oscillations of the second type are oscilla-
tions with a frequency equal to the difference in the resonance 
frequencies of the circuits, which, when interacting, modulate 
oscillations of the first type. As km increases, the resonant fre-
quencies of the circuits approach the operating frequency and 
the oscillatory pattern of CRC decreases. Transient processes 
for envelope oscillations become aperiodic.

Transitional characteristics for the mode with self-ge
neration in Fig. 14, d–j at different km are predominantly ape-
riodic in nature since the operating frequency remains close 
to the frequency of successive resonances. The phenomena 
of beats are not observed. They are characterized by rapid 
attenuation and long periods of oscillation.

The transitional characteristics of the structural models 
of CRC (curves 1 in Fig. 14) are combined with the transi-
tional characteristics of OIM (curves 2 in Fig. 14). In some 
areas, the characteristics are quite close and, therefore, the 
plots visually coincide. For a regime with forced generation, 
the best convergence was provided by discrete-continuous 
OIM of the 4th order (see the value of the error criteria  
in (14) to (16)). With larger orders of OIM, approxima-
tion  errors did not decrease significantly. For the self-gene
ration mode, the processes are aperiodic in nature, so the 
best convergence of transients was provided by OIM of the  
3rd order (the value of the error criteria in (17) to (20)).

The results of our research will be useful to engineers, sci-
entists, and lecturers at technical universities in power elec-
tronics and conversion equipment, primarily in the design of 
charging systems with contactless transmission of electricity.

The conditions for applying the results of our work are 
the stage of preliminary formation of the structure of the 
power supply system or charging system and planning ex-
periments in the process of design work. In further full-scale 
experiments, the results of research are refined.

Important limitations of the results of this work are 
switching processes in power keys. Switching processes, as  
a rule, are not taken into consideration in structural models 
intended for studying the «macro» dynamics of converters 
and can be investigated using mathematical models that com-
bine switching processes and processes between switching 
moments. Also in this study, the system of inductively con-
nected coils is considered linear but real inductors can inter-
act with ferromagnetic media with nonlinear characteristics.

Potentially expected effects of the implementation of the 
results in design activities are the reduction of time for de-
termining the dynamic characteristics and transfer functions 
of converters by computer modeling and algebraic analysis 
compared to typical procedures for identifying such conver
ters by processing experimental data from a prototype.

Further advancement of the study is to take into consid-
eration the nonlinearities of the system of inductors and the 
establishment of new patterns between the parameters of the 
elements of the converter circuits and the coefficients of its 
transfer functions.
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7. Conclusions

1. A structural model of a charging resonance converter for 
non-contact transmission of electricity has been built, which 
makes it possible to investigate its dynamics and obtain equi
valent transfer functions of a smaller order than transfer func-
tions, which can be obtained by a purely analytical method. 

2. Model experiments were carried out, as a result of which 
the dynamic characteristics of the resonant charger were 
determined. From practice, it turned out that the order of 
numerators and denominators of the obtained discrete trans-
fer functions should be unity greater than the corresponding 
orders of equivalent continuous transfer functions. 

3. A dynamic model was constructed by the method of sys-
tem identification and the study into the dynamics of the con-

verter was carried out. A nonlinear DM of the converter for small 
signals in the first approximation can be represented as a set of 
nonlinear (possibly discrete) inertia-free part and linear inertial 
part. To determine the non-stationary DM, it would be advis-
able to take into consideration the variable switching period of 
the transducer when changing the total inductances of the coils 
and the magnetic coupling between them due to displacement.
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