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RESEARCH OF THE MAGNETOELECTRIC LINEAR OSCILLATORY MOTOR
CHARACTERISTICS DURING OPERATION ON ELASTOVISCOUS LOADING

Purpose. To development of mathematical model for calculation of the magnetoelectric linear vibration motor performance with
elastoviscous loading and research of machine characteristics in the different operational modes depending on loading parameters.
Methodology. Experimental results by means of the developed test setup according to the specified methods are obtained. Moreover
we have correlated the experimental data obtained by means of the development experimental setup with the simulated results using
analytical model of the linear oscillatory motor with elastoviscous loading. In the analytical model of the linear vibration motor a
one-mass vibration system with equivalent parameters of stiffness and viscous friction is considered. Results. Calculations of
performance data for three operating modes of the oscillatory motor — for constant value of current, constant amplitude and
acceleration of vibrations are carried out. Results of calculation by means of analytical model are coordinated with the experimental
data obtained with help of a prototype of the linear motor and the load machine. Originality. Analytical expressions for performance
data of the linear vibration motor which are based on the analytical model and an equivalent circuit with the lumped parameters are
obtained. It is shown that for calculation of performance data depending on parameters of loading it is possible to use analytical
model which is based on an equivalent circuit with constant inertial parameters of the linear motor. Practical value. Results of the
work can be used for designing new and improvements of the existing vibration devices on the basis of linear motors with the
specified performance data. References 7, tables 1, figures 7.

Key words: magnetoelectric linear motor, elastoviscous loading, performance data.

Pozenanymo maznimoenekmpuunuili ainiunuii oeucyn eiopayinunoi 0ii yunindpuunoi mononocii. Ilnaxom nineapuzayii
PiBHAHL OUHAMIKU, OMPUMAHO GUPA3U O PO3PAXYHKY POOOUUX XaAPAKMEPUCMUK OGUZYHA 6 3ANeHCHOCHI 6i0 napamempie
RPYHCHO-6’A3K020 HABAHMAINCEHHA. XAPAKMEPUCMUKU GUZHAYAIOMbCA 01 MPbOX PEIHCUMie podoomu — 0as Cmanozo
3HAYEHHA CMpPYMYy 08UZYHA MA OAA CMATUX AMRHAIMYOU Koaueauv i npuckopennsa. Ilpoeedeno Oocniorcennsa 6 ninitinii
nocmanoeyi, 0e po3enA0AEMbCA 0OHOMACOEA KOIUBATIbHA CUCEMA, 8 AKII napamempu HAGAHMANCEHHA 6PAXOEYIOMbCA AK
exeisanenmui Koeghiyichmu sncopcmkocmi ma 6’azkozo mepma. [na noo6yooeu po3paxynkoeoi cxemu 3amiujeHHs
GUKOPUCHIOBYEMBCA MEMO0 eNeKmpomexaniunux aunanociu. IIpoeedeno ekcnepumenmanvHi 00CHiOHCEHHA pPoOOUUX
Xapakmepucmuk MazuimoeaeKmpuiHozo 06uzyna eiopayiinoi 0ii ma 6UKOHAHO HOPIGHANbHUI PO3PAXYHOK XAPAKMEPUCHUK
3a 00noMo2010 npedcmasgnenoi niniunoi moodeni. bion. 7, radun. 1, puc. 7.

Kniouogi cnosa: MmaruitoeneKTpUYHMIA JiHIHUI JIBUTYH, IPY’KHO-B’I3Ke HABAHTAKEHHs, PO00Yi XapaKTePHCTHKH.

Pacemompen  macnumodnekmpuueckuil  oeucamens GUOPAUUOHHO20 Oelicmeus UYUIUHOpUYecKol mononaozuu. Ilymem
NuHeapu3ayuu YpasHeHuil OUHAMUKU, NONYHEHbl 6bIPAdCceHuA ON4 paciema padouux Xapakmepucmuk oeuzamens 6
3a6UCUMOCHU OM NAPAMEMPOE YNPYZ0-6A3KO0U HAZPY3KU. XapaKkmepucmuKu onpeoenaomca 01 mpéx pexcumos padomosl — Ons
NOCMOAHHO20 3HAYCHUA MOKA 06UZAMENA U Ol NOCHOAHHBIX AMNAUNYObL KOedanuii u yckopenus. Boinonneno uccneooganue
6 JIUHENHOI NOCMAHOBKe, 20€ PACCMAMPUECACMCA 0OHOMACCO6AA KOeOAmMENbHAA CUCHEMA, 6 KOMOPOU napamempsl HAzpy3Ku
YUUMDBLEAIOMCA KAK IKGUBATICHMHbIE KOIPPuyuenmol ycecmkocmu u 64a3K020 mpenus. /{na nocmpoenus pacuemnoli cxemol
3aMeuw|enuA UCNOIL3YeMCA MEmo0 INeKMPOMEXanHuuecKux ananozuil. Boinonuenvl sxcnepumenmanvHble UCCIE006aHUA
Pabouux xXxapaKkmepucmuKk MazHumoIIeKmpuieckozo 06uzamesn UOPAYUORHO20 OeilicCmeus, A MaKice CPAGHUMENbHbLIL pacyem
XaApaKmepucmuK ¢ ROMOU{bI0 NPeOCmMasiennoil MuHelnoi modeau. bubn. 7, rabn. 1, puc. 7.

Knrouesvie cro6a: MAarHUTORJIEKTPHYECKHUI JTMHEHHBIA ABUTaTE/Ib, YIPYro-BsA3Kasg HArpy3Ka, pado4yne XapaKTepHCTHKH.

A series of works is devoted to the research and
calculation of the characteristics of the LM of vibrational

Introduction. Vibration technology is the basis of
many modern technological processes associated with the

movement and processing of materials, sealing, sorting,
granulation, etc. Typically, rotary motors with appropriate
mechanical transmissions are used to implement
reciprocating propulsion motion. Low efficiency of rotary
actuators is caused by significant mechanical losses in
transmission devices, and insufficient reliability by
dynamic overloads and non-durability of the typical series
of induction motors used in them.

Linear motors (LMs) are an alternative to traditional
drives based on rotational motors with transmissions that
convert the rotational motion into straightforward one.
Their advantages include the lack of mechanical gears,
low noise, high reliability and improved handling.

The use of vibration devices with a drive from linear
motors has its own peculiarities, which are determined by
the nature of the operation process. In order for the
vibrator to perform a certain technological operation
(sealing, mixing, etc.), it is necessary to ensure the
conformity of the electromechanical characteristics of the
LM to the requirements of the operation process.

action. Considerable attention during the study of such
systems was given to the analysis of the dynamic behavior of
the drive, depending on the parameters of the LM and the
operating frequency [1-3], that is, the frequency
characteristics. In this case, the electromechanical system is
considered as single-mass, on the basis of a linear substitution
circuit with constant lumped parameters. The influence of the
parameters of the elastoviscous loading on the frequency
characteristics of the LM (in particular the power factor) was
investigated in [4]. In [5], limitations were found for using a
linear model by comparison with the results of calculations
with the help of a refined nonlinear model based on the finite
element method. The use of frequency dependent parameters
of the substitution circuit [6] allowed expanding the
frequency range of the linear model to determine the
characteristics of the LM of vibration action.

The above work solves the problem of calculating
the characteristics of a vibrator with a drive from LM
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depending on the frequency. In this case, LM parameters
are defined, for example, on the basis of finite element
analysis. However, the parameters and the nature of the
loading, especially when it is variable, have a significant
effect on the characteristics. Such a change may result in
the emergence of emergency modes, or the inefficient use
of the machine and low efficiency. Therefore, the
question of researching the performance characteristics of
the LM of vibration action depending on the load
parameters and the creation of mathematical models for
calculating the parameters of the LM with the given
performance characteristics is relevant.

The goal of the work is development of a
mathematical model for calculating the performance
characteristics of the LM of vibration action with
elastoviscous loading and the study of the influence of
load parameters on the characteristics of the machine in
different operating modes.

The results of the work can be used to design new
and improve the existing vibration devices on the basis of
LM with the given performance.

Influence of load parameters on the characteristics
of LM of vibration action. Linear problem definition.
To determine the influence of the load parameters on the
performance characteristics, we conduct a study using the
linear model of the LM of vibration action, characterized
by the following assumptions.

The voltage of the power supply and the current of
the LM are sinusoidal. The parameters of the machine are
constant and do not depend on the mode of operation. An
equivalent mechanical circuit (Fig. 1,a) is represented by
a concentrated mass m,, which performs harmonic
vibrations relative to the position of the mechanical
equilibrium with the coordinate x, = 0 under the action of
the sinusoidal electromagnetic force of the LM F,(i,).
The restorative and dissipative forces are represented by
the corresponding coefficients of rigidity of elastic
suspension k, and viscous friction b,.

E, (i)
m, |

a =X

k, k,
== =]

AN S
LM Loading

Ry L

Fig. 1. Equivalent mechanical (a) and electrical circuits (b, ¢)

The force rating of the load is represented by the
sum of the elastic component, proportional to the

movement of the armature of the LM x,, and the viscous
friction force proportional to the velocity v, i.e.
Fi(xq,ve) =kpxg +byvy, (D

where k;, b; are the respectively, coefficients of rigidity and
viscous friction of the loading. A similar nature of the
loading is typical, in particular, for compressors drives [4].

It is also considered that the electric circuit of the
substitution of the LM (Fig. 1,b) is represented by a series
of connected resistance R,,, inductance L, (constant
averaged value) and source e,, which respectively
simulate the active resistance of the stator winding, the
inductance of the stator winding and the EMF induced by
the movement of the armature. The nonlinear properties
of the magnetic cores of the machine are neglected.

The following system of differential equations
corresponds to the presented substitution circuits:

di
u, = iRy, +LV%+KEvva;
d*x . dx
mg 251 :Fev(lv)_Fl(xa’Va)_kvxa_bv “; ()
dt dt
dx,
=V y
a

where u, =U,, sin(27ft) is the supply voltage of the LM
winding; U,, is the supply voltage amplitude; i, is the LM
stator current; Ky, is the coefficient of the EMF of the
LM; F,(i,) = Kpi, is the LM electromagnetic force; K, is
the coefficient of the electromagnetic force.

In the frequency domain, the system (2) is written as
QV :Lv(Rsv +ijv)+KEvKa;

_maa)zia = KFviv _(kl +kv)£a _ja)(b/ +bv)£a; (3)
ja)za :Ka’

where w is the angular frequency of supply voltage and
mechanical vibrations.

From the second equation of system (3) we define
the displacement

Kp, 1
X, - o )
k; +k, —my@® + jolb; +b,)

Having selected the real and imaginary parts of
equation (4) and taking the initial phase of current of the
LM equal to zero, it is possible to determine the
amplitude of vibrations through the corresponding
components of the complex displacement

Kp, 1
X = Fvtvm , (5)

am
\/(k, +k, —maa)z)z +a?(b;+b,)

where 1,,, is the amplitude value of the LM winding current.

To determine the resonant frequency, we find the
derivative of (5) by frequency and equate it to zero, from
where

mg, 2m2
Consider how the properties of a vibration system
change depending on the load parameters.
From equation (5) it follows that when
k + k, < m,?, the growth of the coefficient £, leads to an

wr:\/kl+kv (b +0,f ©
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increase in the amplitude of vibrations, and if
k + k, > m,w* to decrease. An increase in the damping
factor b, leads to a decrease in the amplitude of vibrations
and vice versa.

We consider other characteristics of the LM of
vibration action, using the method of electromechanical
analogies. For this it is convenient to introduce a
mechanical link of the system with appropriate supports,
the values of which can be obtained from the following.

From equation (4) it follows that
j CUK Fv iv

SO e T + joolb +b,)
Substituting this expression in the first equation of
system (3), we obtain
J (UKF vK Ev
ky +ky, —mya?* + jo(by +b,) )
where it can be seen that the complete resistance of the
system has electrical Z, = R, + jwL, and mechanical

Qv = lv(RSV + ja)LV +

= JOR K gy components.
ky+k, —maa)z +jco(bl +bv)

By analogy with electric circuits, active and reactive
mechanical resistances are defined respectively as real
and imaginary parts of the complex full mechanical
resistance, that is,

Zmec

2
_ KFVKEv(bl +bv)a)
Zimec = 2 2 2 i
(k,+kv—maa) )2+(b,+bv) o )
2

oK K g \kp +k, —m, 0

(k[ +kv —maa)z)z +(bl +bv)2a)2
The real part of expression (7) is the active
mechanical resistance

+J

KFVKEv(bl +bv)w2

(k,+kv—maa)2)2+(bl+bv)2a)2
and the imaginary one is the reactive mechanical
resistance

Re =

mec

a)KFvKEv(k, +k, —maa)z)

mec D) 5 2 N
ky +k, —m o )z+(b1+bv) w

The appropriate substitution circuit is presented in
Fig. 1,c.

After determining the resistance, the LM power
factor can be determined according to the expression
RSV + Rmec

2 2’
V(R + RV (X + X )
where X, = wL, is the reactance of the LM winding.

PF, = ®)

According to the substitution circuit shown in
Fig. 1,c, the current value of the supply voltage of the LM
is determined from the expression

U, = Iv\/(Rsv + Ryec )2 + (st + Xonee )2 . )
Then the power consumption will be equal

P,=U,I PF,. (10)

One of the possible operating modes of the LM of

vibration action is the mode when the constant value of
current [, = const is supported in the winding. The

amplitude of vibrations, the power factor, the voltage and
the power of the LM, for this mode, can be determined by
the expressions (5, 8-10) respectively. Such a mode of
operation is favorable in order to avoid electrical overloads,
but it does not exclude mechanical overloads. In addition,
this mode is not always optimal for providing the necessary
mechanical characteristics of the drive (amplitude, speed,
driving force or acceleration of the working body).
Therefore, it is also advisable to consider the problem when
it is necessary to determine the current of the LM, the
properties of the elastic system and the coefficient of
electromagnetic force for the given mechanical
characteristics. As the latter, we consider the modes when
the steady amplitude of vibrations X, = const and the
steady acceleration 4,,, = const should be ensured.

From expression (5), the current value of the
current, which provides the required amplitude of
vibrations, will be equal to

_ Xam‘/(kl +kv _mawz)2 +a)2(b1 +bv>2 »(11)

B ‘/EKFV

where it is seen that when &, + k, < m,o?, the growth of
the coefficient k; leads to a decrease in the current
required to maintain a constant amplitude of vibrations,
and if k; + k, > m,o® to increase. The increase in the
damping factor b, leads to an increase in the current of the
LM and vice versa.

The steady

=X ama)z = const, provided that the vibration mass

1
v |X m=c0nst

acceleration mode

A

am
is constant, also ensures the constancy of the inertia force,

since the latter equals Fj =m X, ama)z .

Taking into account the above, the current value of
the LM current, for a constant acceleration mode, is
determined from the expression

2
Aam _ KFvlvmw ,
\/(k, +k, —maa)z)z + (b +b, )
where
2 2 2
; _Aam\/(k,+kv—maa) )z+a) (B +b,) (12)
Vl4,,=const — \/EKF a)Z ’
v

Voltage, power factor and power for the last two
modes can be calculated by the expressions (8-10) taking
into account (11, 12).

The connection of the above characteristics with the
main dimensions and parameters of the LM is determined
by the coefficient of electromagnetic force [7]
Kp, =¥,,7/t, where ¥, is the amplitude of the flux

linkage of the winding; 7 is the pole division.

Design of experimental LM of vibration action
and loading machine. Both experimental and load-
bearing machines have cylindrical configuration. The
stator of the experimental machine (Fig. 2,q) has a
laminated core 1 of electrical steel and a winding of two
coils 2. An armature of the machine contains a permanent
magnet magnetized in axial direction 3 and two poles 4,
which are made of structural steel and have radial
incisions for reduction of eddy currents.
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Fig. 2. Design of experimental (a) and loading (») machines

The loading of the experimental motor is carried out
using the loading machine shown in Fig. 2,b. The stator of
the machine contains a body 5, a core with two
ferromagnetic poles 6, between which there is a winding
7. In order to improve the specific power indicators, in a
stator core a permanent magnet 8 of toroidal shape with
an axial direction of magnetization is used. The
electromagnetic force of the machine is determined by the
force and direction of the current in the winding, as well
as the position of the ferromagnetic armature 9 relative to
the stator. Stator poles and armature are solid and have
radial incisions to reduce eddy currents.

The main design parameters of experimental and
loading machines are given in Table 1.

In accordance with the above mechanical and
electrical substitution circuits (see Fig. 1), the
parameters for the calculation of performance
characteristics are as follows.

The mass of the oscillating part (the total mass of the
armatures of the experimental and loading machinery, as
well as the attached weight of the elastic suspension) is
m, = 6.72 kg. Elastic suspension of the LM has rigidity
k, = 153291 N/m, coefficient of viscous friction
b, =449 kg/s.

Parameters if the electrical substituting circuit of the
LM (see Fig. 1,b) are: Kp, = K, = 13.1; R, = 3.1 Q;
L,,=0.02 H.

The parameters of the loading machine vary
depending on the supply current and are within range
b, = (17+31) kg/s, k; = (3600-26100) N/m.

Table 1
Design parameters of experimental and drive machines

Amplitude of vibrations (operating) | mm | 10
Armature
% Permanent ma.terial . NdFeB(N42)
S | magnet residual rpagnetlc T 13
g flux density
s Stator
g Magnetic core outer diameter mm 89
£ length mm 165
S Stator windings wire section mm® | 1.06
number of turns — 300
Pole division mm 79
Operation vibration amplitude mm 10
Physical parameters
material NdFeB(N42)
o | Permanent - -
£ | magnet residual rpagnetlc T 13
§ flux density
£ | Armature material Steel 3
20 o number of turns 380
5 | Winding wire TIC/T, 01.12
S Main dimensions
Pole division mm 36
Overall diameter mm 160
dimensions length mm 120
Experimental study of the performance

characteristics of the LM of vibration action. Investigation
of LM characteristics, depending on the load parameters, was
carried out on the experimental stand presented in Fig. 3.

c

Fig. 3. Stand for the study of the characteristics of the LM
of vibration action: a, b — external view; ¢ — circuit
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The armature of the experimental LD of vibration
action 1 (LM) is rigidly connected to the armature of the
loading machine 2 (TM). The power supply of the
experimental machine is carried out from a sinusoidal
source, which is realized with the help of generator 3 (G)
and amplifier 4 (Am).

During experiments, a constant current value is
maintained in the winding of the loading machine. To do
this, a hysteresis current controller, made on
microcontroller 5 (MCU), which controls the inverter 6
(IA), is used.

Measurement of voltages, currents of the LM and
loading machine is performed using sensors VS1, VS2,
CS1, CS2. The installation is equipped with an
accelerometer AS, which is attached to the armature of
the experimental machine. Measured values signals are
fed to the multichannel measuring unit ADC 7 (ADC) and
transmitted to the computer 8 (PC), which acts as a
recorder.

Fig. 4 shows the dependencies of controlled
quantities as time functions for the case when:
1,=475 A; I;=-2 A; X,,, = 0.0048 m; f=23.5 Hz.

a, m/ s
: ;

%o % o5 03 o2 03 A
Fig. 4. Voltages and currents of the LM (u,, i,) and loading

machine (u, i;), a, — accelerations

The presented below experimental operational
characteristics are obtained as a result of appropriate
processing and recalculation of the time charts of the
measured values, namely:

e determining effective values of the voltage U, and
current /, of the motor

U, =

>

e determined average value of the loading machine
current /;

1 t
1 | = F J.ll dt 5
t-T
e determining vibration amplitude

X |__‘V“5+b3
am|

>
w2

t t
where a, _2 Iaa cos(nat it ; b, = jaa sin(net it
T t-T t-T
are the coefficients of the Fourier series; # is the order of
the harmonic (and n = 1, that is, the calculation was
carried out according to the basic harmonic frequency of

the mechanical oscillations w); T=1/fis the period;
o calculating active power P, and power factor PF, of
the motor

N

t
1 P
P,=— |u,i,dt; PF,=—
v T tJ‘T vy v Uv]v
In Fig. 5 marker shows the experimental

characteristics of the LM of vibration action for the
operating mode when it’s current is constant — I, = 4.75 A.
Characteristics are presented for three values of the
frequency: 24.2; 24.9; 25.6 Hz. In this frequency range,
with given LM and load parameters, the system is near the
frequency of mechanical resonance w,.

The lines show the calculation results using the
above linear model. The corresponding dependencies
were determined by the equations (5, 8-10).

Amplitude of vibrations (Fig. 5,a), for the mode
I, = const, has clearly expressed maxima corresponding
to the parameters of the mechanical resonance at the
corresponding frequencies. The maximum value of the
amplitude decreases with increasing damping coefficient
of loading b,, which also follows from equation (5). As a
result of the decrease in the amplitude of vibrations (and
hence the velocity), the voltage K, v,, which is included
in the equation of the balance of the system voltage (2),
decreases. Therefore, with the increase of damping, the
value of the voltage required to provide a constant
current decreases (Fig. 5,b).

Several factors influence on the form of
dependencies of the power factor PF, on the load
parameters (Fig. 5,c). Depending on the frequency and
parameters, the mechanical resistance can be active-
inductive or active-capacitive. In the latter case, electrical
resonance is possible if the value of the capacitive
mechanical resistance is balanced by the inductive
resistance of the LM. During the passage through the

o= (kl+kv)/ma >
resistance changes its character from inductive to
capacitive or vice versa [5]. The change in the power
factor from the coefficient of rigidity of the loading £

depends on how the latter differs from the value
corresponding to the change in the sign of the reactive

frequency reactive mechanical

resistance, i.e. k; = a)zma —k, . Changing the mechanical

resistances (active and reactive) will determine the nature
of the change (increase or decrease) of the power factor.

In Fig. 6 marker shows the experimental
characteristics of the LM of vibration action for the mode
of the steady-state vibration amplitude X, = 0.007 m.
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Fig. 5. Characteristics of the LM of vibration action for the mode /, = const
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Fig. 6. Characteristics of the LM of vibration action for the mode X, = const
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The lines show the calculation results using a linear
model. The corresponding dependencies were determined
according to the equations (8-11).

In this mode there is a significant change in the
current and voltage of the LM. The minimum value of
current (Fig. 6,a) approximates to the parameters of
mechanical resonance, which in particular follows from
equation (11). From this equation, it is also seen that with
the increase of the coefficient b,, increased current values
are needed to provide given amplitude of vibrations.

In Fig. 7 marker shows the experimental
dependencies of the LM characteristics on load parameters
for the case of steady acceleration A,, = 192 m/s’ (in

amplitude).
The lines show the results of the calculation of
characteristics using a linear model. The

corresponding dependencies were determined by the
equations (8-10, 12).

e 242Hz m 249Hz e 256Hz
N e e B 1
10 ; L
8
6
4
2
0
0 10000 20000 k» N-m
I T I 1
14.5 20.5 265, kgls 325
a
* 242Hz m 249Hz e 256Hz

k/, N-m

20000
T
26.5 by, ke/s 325

C

The characteristics for a stable acceleration case are
similar to those for stable amplitude of vibrations, since
the quantities are proportional. The difference lies in the
fact that in this mode, with increasing frequency, the
amplitude of vibrations decreases, and the form of the
characteristics varies less depending on the frequency.
Therefore, the minimum values of current, voltage and
power corresponding to the near-resonance parameters are
close and slightly increase with increasing frequency.

As can be seen from Fig. 5-7, the results of
calculations according to the linear model are satisfactorily
consistent with the experimental data. Since the operating
frequency range is relatively small (Af = 1.4 Hz), the
machine parameters change practically does not appear
depending on the frequency, which makes it possible to
use the steady values of LM parameters for the
calculation of the operating characteristics.

¢ 242 Hz B 249 Hz

25.6 Hz

0 10000 | ki, N-m

20000
T

265 p, kg5 325

b

* 242Hz m 249Hz

Fig. 7. Characteristics of the LM of vibration action for the mode 4, = const

Conclusions.

I.In the paper analytical expressions for the
performance characteristics of a linear motor of vibration
action based on a linear model and a substitution circuit
with lumped parameters are obtained.

2. The calculation of performance characteristics for
three modes of operation — for the constant value of
current, constant amplitude and acceleration of

oscillations is carried out. The results of the calculations
according to the linear model are satisfactorily consistent
with the experimental data obtained using the prototype of
the LM and loading linear machine.

3.In the mode of constant current, the operating
amplitude of oscillations has clearly expressed maxima
that correspond to the parameters of mechanical
resonance. The maximum value of the amplitude
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decreases with increasing damping coefficient of the
loading.

4.In the mode of steady-state oscillation amplitude
there is a significant change in the current and voltage of
the LM. The minimum value of the current approximates
to the parameters of mechanical resonance. Also, with
increasing damping coefficient, increased current value
is needed to provide given amplitude of oscillations.

5. The form of the characteristics for the case of
steady acceleration changes little depending on
frequency. Therefore, the minimum values of current,
voltage and power corresponding to the near-resonance
parameters are close and slightly increase with
increasing frequency.

6. It is shown that in order to calculate the performance
characteristics, depending on the load parameters, a linear
model based on the substitution circuit with steady,
inertial values of LM parameters can be used.
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