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Abstract

The contactless battery charge system of the autonomous underwater vehicle allows to significantly increase the device
operating time in automatic mode under water. Using a transformer with a non-magnetic gap in such a system leads to an
increased load on the inverter's power switches. The article presents a solution to the problem of unloading switches using
resonant circuits in combination with the "soft switching™ mode of the inverter. It is proposed to use a serial LC-circuit

connected in parallel to the transformer primary winding, and a capacitor on its secondary side. Recommendations are
given for selecting parameters of resonant elements that minimize the charge time of the underwater vehicle's batteries.
The using of research results allows to significantly reduce heat loss while maintaining the transmitted active power. The
losses in the inverter were reduced from 130 W to 12 W for the transformer idle mode, and from 170 W to 25 W for the
transformer short-circuit mode.
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1. Introduction

The source of energy for an autonomous underwater
vehicle (AUV) in most of its applications is rechargeable
batteries, which can be charged in various ways [1]-[4].
Usually, the AUV is lifted on aboard the providing vessel
to charge the batteries. It’s simplest method for hardware
implementation, but technologically the most time-
consuming. Increasing the speed of this process with a
significant expansion of the AUV functionality is
obtained when charging its batteries using a contactless
method of transmitting electricity. This process involves a
special transformer with separate primary and secondary
parts. The primary part of such a transformer is placed on
the base, and the secondary part is installed on the AUV.

2 EAI

A DC-AC converter (inverter) is used to power the
primary winding of the transformer. It converts the power
of the base source to a high-frequency voltage and also
provides the necessary regulation of the transmitted
electrical energy [4].

Various underwater and coastal objects can be used as
a base. This can be, for example, the so-called “garage”,
lowered from the supply vessel under water. In this case,
the transmission of electricity to the inverter is carried out
via a cable. The cable, in addition to electrical
communication, provides mechanical power
communication between the vessel and the “garage” and
the information channel between the operator on the
supply vessel and the AUV. Some tasks of using AUVs
require the organization of its long-time underwater
basing. For example, it may be port security or monitoring
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the underwater situation of a given area. In this case, the
design of the mooring base for AUV is performed in the
form of bottom dock-station (BDS), installed stationary
on the seabed. The power supply of the BDS can be
carried out using a cable that connects the BDS to the
coastal control centre (CCC). In this case, along with the
transmission of electricity, an information channel is also
organized simultaneously. The use of contactless power
transmission for charging AUV batteries in automatic
mode in the case of its underwater basing has almost no
alternative [5].

The components of the contactless charging system are
a DC-AC converter (inverter), a high-frequency
transformer with separated primary T1 and secondary T2
parts, a battery charger (BC) and a rechargeable battery
(RB). The placement of the functional elements of the
AUV power supply system and the connection between
them when using the bottom dock-station is shown in
figure 1.
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Figure 1. Functional diagram of a contactless

transmission system electric power at AUV
from dock-station

The primary T1 and secondary T2 parts are separate
sealed shells in which the transformer windings are
placed. In the energy transfer mode, the axes of the
windings must coincide, and their ends must be at a
minimum distance from each other. Each of the shells is
made of an insulating material, the thickness of which
reaches several millimetres. Due to the presence of this
non-magnetic constructive gap between the end surfaces
of the windings, such a transformer has a low value of the
magnetic coupling coefficient between the windings [6].

This causes an increased value of the magnetizing
component of the transformer input current. In this case,
the output current of the inverter increases several times
compared to the minimum required value determined by
the load of the transformer on its secondary side.
Generally, this causes consequences such as the need to
select transistors and diodes of the inverter with high rated
currents; increasing power losses in these semiconductor
devices, increasing their weight and cost; complicating
the problem of heat dissipation caused by additional
power losses.

The negative nature of these consequences is enhanced
in the energy supply system of the underwater vehicle,
since the electronic units must be placed in sealed
containers with a tight layout and with limited heat
removal capabilities from power devices.

These circumstances determine the relevance of the
search for solutions that will reduce the current load on
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the inverter power switches while maintaining the set
value of the transmitted active power. In the end, this
should lead to an increase in the device reliability and
increase the efficiency of the contactless battery charge
system of the underwater vehicle as a whole.

In general, there are three main ways to reduce the
inverter load: increasing the transformer coupling
coefficient [7-9], compensating the transformer reactive
input current with resonant circuits, and providing soft-
switching of inverter power transistors [10].

The first direction is mainly related to increasing the
contact areas of the transformer primary and secondary
parts. However, this path is limited by the requirements
for placing the receiving part on the AUV and in some
cases is not possible.

The second direction is more flexible. It allows not
only to unload the inverter, but also to coordinate the
contactless power transmission transformer with the set
voltage level of the source, and with the set electrical
parameters of the load. This simplifies the transformer
design. In addition, using resonant circuits, it is possible
to facilitate the receiving part of the charge system [11].

Frivaldsky et al. [12] gave an overview of the main
performance characteristics of the most common resonant
circuit variants. Thus, it is concluded that all circuits with
a serial capacitor in the transmitting part are able to
increase the transmitted power to the load. Parallel
capacitor circuits allow working with maximum
efficiency when the transmitted power is maximum. The
study covers the system behavior only in the selected
frequency range and for a given load resistance. However,
the resonant circuit efficiency should be determined for
the entire range of load variation. In [11, 13, 14], various
versions of resonant circuits were proposed that provide
both compensation of the reactive current and switching
at zero voltage (ZVS). However, these circuits contain
additional components that increase the size, weight and
cost of the contactless power transmission system. In
these articles, resonant circuits are mainly intended to
provide ZVS mode. At the same time, certain losses are
caused by switching off at a non-zero current. It should be
considered that ensuring shutdown at zero current is also
important.

This article will analyze the inverter operation at idle
on the secondary side of the transformer, as well as in
load mode. The purpose of the analysis is to determine the
relationship between the parameters of the resonant circuit
elements, which allow reducing heat losses in the inverter
switches.

2. Analysis of the inverter operation at
idle on the secondary side of the
transformer

The solution to the problem of increasing the efficiency
of the contactless charge system can be obtained by using
resonant circuits on both the primary side of the
transformer and the secondary side, in combination with
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the soft switching mode. The implementation of such RC1
and RC2 circuits, shown in figure 2, may be different, but
the final result should be determined by the sum of the
introduced effects without mutual influence. This will
help to adequately reproduce the results of the calculation
of resonant elements in their practical implementation and
simplify the overall configuration of the system.
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Figure 2. Block diagram of the contactless charge
system

Generally, the total power loss on the inverter switches
is calculated from the dynamic power loss on and off, as
well as the static loss in the open state of the switch.
Losses from leakage currents in the closed state are small
and can be ignored. In [15], the dynamic losses are
minimized when switching on. This is achieved by
creating conditions for switching on at zero voltage on the
transistor — the ZVS mode (zero voltage switching mode).
This mode is called "soft switching”. At the same time,
calculations and experiments show that both dynamic
losses during shutdown and power losses on switches in
the open state also make a significant contribution to the
total amount of losses. Thus, it is possible to set the actual
task of providing conditions for "soft switching” when
switching off, which is achieved, obviously, by switching
off at zero current — the ZCS mode (zero current
switching mode). At the same time, it is important to
reduce the loss of conductivity in the open state interval
of switches. Note that for all types of corrective actions on
the system, the value of the transmitted active power must
remain unchanged.

The solution to the problem of current unloading of
switches in static mode can be found, obviously, in the
form of such a structure RC1, which compensates the
magnetizing component of the input current of the
transformer. Since this component has an inductive
nature, the compensation should be performed by some
element that has a capacitive nature of the load. The use
of a capacitor in its pure form is limited here, since a
rectangular voltage is formed at the output of the inverter.

D EA

One of the well-known methods of current unloading
of power switches in static mode is the use LC low-pass
filter at the output of the inverter. In this case, the inverter
load (the primary winding of the transformer) is
connected in parallel to the filter capacitor [16-19]. This
solution allows unload the inverter switches. However,
the external characteristic of the transformer is distorted
due to voltage drop at the reactor, and, as a result, the
transmitted power is reduced.

The best results are obtained using a serial resonant
LC-circuit connected to the inverter output parallel to the
transformer primary winding [17]. This circuit also
compensates the inductive component of the inverter
output current due to its capacitive nature, but practically
does not affect the shape and values of the transformer
winding currents. This reduces the current value of the
inverter output current while maintaining the level of
transmitted active power. The applied resonant circuit has
its own resonant frequency fyy, corresponding to the
voltage resonance [18]

1

fp=——o—, 1
Y2z, Cy M

where Lg and Cg; — inductance and capacitance of the
resonant circuit on the primary side of the transformer,
respectively.

At the same time, the inverter operating frequency f
must correspond to the current resonance frequency fy, in
the inverter load, which consists of a parallel resonant
serial LC-circuit and the transformer primary winding L;.
In this condition, the minimum current load on the
inverter transistor switches is provided. For the first
harmonic of the AC voltage at the output of the inverter,
the ratio is true

1

f, = , 2
27\|(Lg +1,) Cqy @

where L, — transformer primary inductance.

If we limit the analysis conditions to the first harmonic
of the inverter output oscillations, then the reactor
inductance Lr and the capacitance Cg; of the series
resonant circuit capacitor RC1 can be determined by the
formulas [18]

L
L, = , 3
R mz _1 ( )
m? -1
Cp=——5—, (4)
(2z-m-f) L
where parameter m = fy, / f;; — ratio of the natural

frequency of the resonant LC-circuit (voltage resonance
frequency) to the inverter switching frequency (current
resonance frequency of the inverter load circuit). The
choice of the m-parameter value is determined by the
compromise between the desired decrease of the inverter
switches current and the acceptable reactive power values
of the capacitance and inductance of the resonance circuit,
which determines the mass and dimensions of these
elements.
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To obtain the current resonance in the load of the
inverter for the first harmonic of its output voltage, the
value of the relative frequency must be equal to unity.
Since a rectangular signal is generated at the inverter
output, in order to obtain the minimum effective value of
the inverter output current, the coefficient n;; should be
slightly more than one. This value of the relative
frequency n;, was found by mathematical modelling in the
MATLAB program using the models given in [18, 20].

To analyse the obtained inverter current time diagrams
lin(t), we will take the numbering of the inverter switches
and opposite diodes, as shown in Figure 2. The simulation
results for the transformer idle mode, illustrating the
effect of including a resonant LC-circuit RC1, are shown
in Figure 3.

The inverter control signals u; and u, arrive at the
diagonally located switches. The signals have a dead time
interval when switching. This prevents emergency
currents through the switches of one rack S1, S2 or S3,
S4. The graphs in Figure 3a correspond to the state when
there is no resonant LC-circuit and only the transformer
primary winding with its own inductance L, is connected
to the inverter output. In this case, the current in the load
changes linearly and flows in turn through the diagonal
switches or through the diodes. Figure 3a shows the
conduction intervals of the switches (double line) and
diodes (dashed lines) for this case during one switching
period. The control signal u; affects the inputs of the
switches S1, S4 in the time interval t; - t,, then follows the
"dead time" in the interval t, - t;. Next, control u, is
supplied to the switches S2, S3 of the second inverter
diagonal bridge in the time interval t; - t4. The intervals of
the switches and diodes conductivity vary, while the
switches of each diagonal conduct current when exposed
to the corresponding control signal u; or u, after the
interval of the diodes conductivity.

If the inverter current is taken as a unit value at the
moments when the switches are closed for operation
without a resonant circuit, the inverter current effective
value (triangular current shape) will be 1/43. This is an
increased value with respect to the mode with resonance.
In addition, as follows from Figure 3a), at the time of
closing the switches (moment t, for S1, S4 and moment t4
for S2, S3), the current through the switches has a
maximum value. This leads to significant power losses on
the switches in the off mode, problems of heat dissipation
and increased heating of the inverter power elements.

When series resonant LC-circuit (RC1) is connected in
parallel with the transformer primary winding, the shape
of the inverter output current and the conduction intervals
of the switches and diodes change. For the first harmonic
of the inverter output voltage, the condition ny; =f/f;; =1
corresponds to the currents resonance in its load. In this
case, the effective value of the inverter output current has
a minimum value determined by the active losses in the
current flow circuits. For the actual inverter output signal
in the form of a meander, the minimum effective value of
the inverter current is reached at ny, = f/ f;; > 1. The shape
of the inverter output current and the conduction intervals
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of the switches and diodes will have the form, as shown in
Figure 3b).
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Figure 3. Inverter output current diagrams when
changing the resonant circuit parameters:

a - resonant circuit none; b — resonant circuit
parameters correspond to the relative frequency
ny = 1; ¢, d — resonant circuit parameters
correspond to zero switching losses for ny; > 1.

The simulation results show that in this way it is
possible to reduce the effective value of the inverter
current by about 2.5 times [18, 19]. However, a
corresponding reduction in power loss does not occur
here. The reason for this is the shape of the inverter
current, in which, like the original version, at the time t,
and t, of switching off the transistors, the current is
significant. This value is less than the amplitude of the
sawtooth current in Figure 3a), and is approximately 0.6.
But this turns out to be enough so that the total power loss
in the inverter remains at a high level.

A significant reduction in the inverter power loss can
be obtained by “soft switching”, which will be performed
at a certain value of the relative frequency ny, > 1 (Figure
3c)). In this mode, the inverter transistors will turn off at
zero current and will be accompanied by minimal
dynamic losses. An increase in the relative frequency of
the current resonance will deform the curve of the inverter
output current, as shown in Figure 3d). In this case, the
soft switching mode will remain with an increase in the
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diodes conductivity interval D1, D4 until the switches S2,
S3 are opened, that is, in the “dead time” interval. A
further increase the value ny will lead to an increase in
open conductivity losses from the increased capacitive
component of the inverter load current due to RC1. Here,
the numbering of the diodes and switches is given for one
half-cycle of the inverter output signal. For the second
half-cycle, in accordance with Figure 2, diodes D2, D3
and switches S1, S4 will participate in the discussion.

Thus, there is a compromise problem of determining
the relative frequency value ny;, which minimizes losses
to the inverter both in the transformer idle mode and in
the full range of its loads, including the consequences of
inaccurate joining of the transmitting T1 and receiving T2
transformer parts when the AUV approaches the base. At
the same time, both switching losses and conductivity
losses should be minimized.

To solve this problem, mathematical simulation of the
inverter was performed. The dependences of the current
lore through the inverter transistors at the time of the
control signal for shutdown, the effective values of the
inverter current I, and the power losses Py in the
inverter depending on the relative frequency ny = f/ fy,
were obtained. The results are shown in Figure 4, where
the variables are shown in relative units. The values of
these variables are taken as unity in the absence of the
RC1 resonant circuit.

1
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Figure 4. Inverter frequency characteristics in the
idle mode:
lorr — current through the switches at the time of
shutdown; P,y — inverter power loss; Iy — inverter
output current effective value.

From these graphs it follows that the current value lore
and, accordingly, the loss during shutdown reach zero at a
relative frequency n,® = 1.09. The area on the graph,
located to the right of the frequency n;®, corresponds to
the ZCS area (switching at zero current). Here, zero
shutdown losses are stored. To the left of the frequency
n,® = 1.19 is the ZVS region (switching at zero voltage),
which corresponds to the inductive load mode of the
inverter and is characterized by zero switching losses.

Thus, the ran%e of relative frequency values from n;,®
> 1.09 to n1| < 1.19, obtained by mathematical
modelling, corresponds to the end of the diodes
conductivity interval D1, D4 (or diodes D2, D3) in the
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range of the dead time interval (Figure 3 d)). This range
provides low power losses, both on switching on and off
the inverter transistors. It is advisable to take the value of
the relative frequency from this range closer to its left
border, for example, ny = 1.1. So the total losses on the
transistors will be minimal. Keep in mind that when
choosing the value of the relative frequency, the switching
losses remain zero, and the conductivity losses increase
slightly due to an increase in the inverter output current.

The graphs in Figure 4 are defined for some m = fyy /
1, = const and correspond to certain values of the reactor
inductance Lg and capacitance Cg; of the resonance
circuit RC1. At the same time, it is of practical interest to
determine the value of the parameter m at which the
powers of these elements are minimal while maintaining
minimal losses in the inverter. For this, it is possible to
use the dependences of the relative powers of the reactor
S,.” and capacitance S¢" of the resonance circuit RC1 in
the function of parameter m, provided that it minimizes
losses in the inverter. These values are determined in
relation to the inverter power without the RC1 resonant
circuit.

Figure 5 shows the graphs of the relative powers S,
Sc as a function of the parameter m, as well as the
dependences of the inverter relative power S, and the
relative losses Py in the inverter when the resonant
circuit RC1 is connected.
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Figure 5. Relative power dependences of the
inverter and the elements of the resonant LC-circuit
on the parameter m at idle: Sy — inverter output
power; P|NV — power losses in inverter; Sc ,S. —
capacitor and reactor capacities, respectively.

From figure 5 it follows that the power and,
accordingly, the dimensions of the inductance and
capacitance reach the minimum values at 2 < m < 2.2.
Taking the parameter m in this range (for example, m =
2), it is possible to determine the required values of Ly
and Cg; of the resonance circuit.

Note that the above considerations apply to the
transformer idling and the connection of the load does not
change the mode of operation of its primary side.
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3. Characteristics of the contactless
power transmission system in load
mode on the secondary side

When a load transformer is connected to the secondary
winding, the parameters of the electric energy transferred
to it can be determined in the form of external
characteristics of the system U,(l,) (voltage U, and
current I, are shown in Figure 2). The load in this case is a
combination of a rectifier, a filter Cs, a pulse converter
with an automatic control system (charge system) and
battery. A full charge of the battery will be possible if a
input voltage of the charge system is greater than the
voltage of a fully charged battery. The wide possibilities
of deformation of the system initial external characteristic
in the desired direction are presented when an RC2
resonant circuit is introduced on the transformer
secondary side. Of the possible circuit implementations,
the practical interest is the implementation of RC2 in the
form of a capacitor Cgy, connected in series with the
transformer secondary winding. Under certain conditions,
it can be effective to turn on the resonant capacitor Cg,
parallel to the transformer secondary winding.

When connected in series with the transformer primary
winding of the capacitor Cgy, the external characteristic of
the electric energy transmission system U,(l,) can take the
form of one of the characteristics shown in figure 6,
where U," is the voltage at the charge system input, I, is
the charge system input current in relative units, while the
no-load voltage and short-circuit current for this graph are
taken as single base values. A family of characteristics is
obtained when the value of the resonant capacitor Cg,
changes [21, 22].

Connecting a resonant capacitor to the secondary
circuit deforms the external characteristics of the system,
as shown in Figure 6. The capacitance value Cgr, = C;
corresponds to the voltage resonance. A decrease in
capacitance with respect to this value increases the
inclination of the external characteristics.

Practical applications have characteristics in the
capacitance range of a resonant capacitor C, > Cg, > Ca.
We can assume that the external characteristic
corresponding to the capacitor Cj is best suited for the
energy transfer process. The form of this characteristic
has a rational combination of a section with high offset
(current limiting) and a section with low offset (voltage
limiting). This corresponds closely enough to the charging
algorithm of lithium-ion batteries. The effect of
introducing a series resonant capacitor is to increase the
system efficiency as a whole while minimizing the mass
and dimensions of the transformer.
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Figure 6. External characteristics of the power
transmission system for different values of the
resonant capacitor Cp in the load circuit:
Cr2=C1>C3>Cs

The choice of a specific capacitance value Cg, can be
justified when analysing the frequency characteristics of
the secondary circuit, shown in Figure 7. It shows the
dependences of the transmitted active power P,” and the
overall power S¢” of this capacitor in relative units on the
relative resonant frequency of the current ny, = f/ f;. In
this case, the variables P, and Sc are determined in
relation to the transmitted power without a resonant
capacitor.

The values of the variables P,” and S¢ increase to
infinity at the voltage resonance frequency

) = = (5)

27J(1-k*)L,Ce,
where Cgy, L, — the capacitance of the resonant capacitor

and the secondary winding inductance, respectively; k - is
the magnetic coupling coefficient of the transformer [6].

Sc* \
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Figure 7. System secondary circuit frequency
characteristic with series connection of the resonant
capacitor

The current resonance frequency for the secondary
circuit of the system is determined by
1

f =
“ 2z LCo

Based on (5) and (6), the current resonance frequency f;,
for the secondary circuit of the system will always be less
than the voltage resonance frequency f,.

According to the graphs shown in Figure 7, it is
possible to establish a relationship between the relative

(6)
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frequency of the current resonance n,; = f / fy, the
corresponding active power P," transmitted by the system
and the overall power S¢" of the resonant capacitor. The
values of these variables are decisive in solving the
compromise problem of choosing the resonant frequency
No1.

So, for example, if a decision is made to increase the
transmitted power three times, then, in accordance with
Figure 7, this will require the use of a series resonant
capacitor with a relative overall power of approximately
Sc” ~ 0.1. The selected mode corresponds to the relative
current resonant frequency n, = 0.93. This value,
according to formula (6), allows determining the
capacitance of the series resonant capacitor Cg,.

Obviously, other decisions can be here, depending on
the task and the priorities. For example, if it required a
large increase in the transmitted power, then using the
graphs in figure 7, we can find the values of the relative
frequency of the current resonance and the overall power
of the capacitor. Overall power in this case will also
matter more.

It is important to note that the proposed approach to
increasing the efficiency of the contactless charge system
has such a benefit as the possibility of independent
influence on the operating modes of the transformer
primary and secondary sides. Indeed, using the RC1
resonant circuit from the capacitance and inductance
connected in series and providing soft switching of the
inverter transistors on the primary side, we obtain a
significant tenfold reduction in the power loss on power
switches. Adding to this solution the RC2 resonant circuit
in the form of a capacitor connected in series with the
transformer secondary winding, we get the possibility of
independent formation of the external characteristics of
the transmission system. A certain (optimal) capacitance
value of such a capacitor allows reducing the transformer
weight and dimensions, which is relevant for AUV.

In some cases, a Cgr, capacitor connected in parallel
with the transformer secondary winding can be used as a
resonant circuit of RC2. In this case, the voltage and
current resonance on the secondary side will also be
determined by expressions (5) and (6), respectively, and
the graphs of the external characteristics will take the
form, as shown in Figure 8.

The initial external characteristic of the system at Cr, =
0 has an ordinate equal to one at idle (I,” = 0). An increase
in the capacitance of the Cg, capacitor leads to an increase
in the output voltage of the system, which is illustrated by
the characteristics in Figure 8. VVoltage resonance occurs,
and the ordinate of the external characteristic rushes to
infinity, when Cg, = Cs.
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Figure 8. System transmission external
characteristics at parallel connection of the resonant
capacitor on the transformer secondary side:
C1<C,y<C3

If it is necessary to have an increased voltage on the
secondary side of the transformer, the use of a resonant
circuit RC2 in the form of a parallel capacitor Cg, may be
appropriate. In general, this goal can be achieved by
increasing the number of transformers in the system with
the inclusion of their secondary windings in series. This
solution may be problematic due to the equipment
location in the AUV compartment. The solution may be
the use of the specified resonant circuit, which will allow
providing the required mode with the performance of
dimensions restrictions.

At the same time, the decision must be considered and
justified. If the number of transformers is limited, it is
necessary to simultaneously solve the problem of placing
a resonant capacitor.

Selecting a specific capacitance value for a parallel
capacitor can be performed similar to the same task for a
serial resonant capacitor. To do this, consider the
frequency characteristics of the secondary circuit in figure
9. The figure shows the dependencies of the transmitted
active power P,” and the overall power Sc~ of this
capacitor in relative units on the relative resonant
frequency of the current ny = f / fy. In this case, the
variables P,” and Sc~ are determined in relation to the
transmitted power without a resonant capacitor.

Sc* H
p* :
- i
1
6 / / i
sl : l
PR :
/Py ; \
2 L—] ; .
: ~
0 i
0.4 0.6 0.8 1 12 14 1y

Figure 9. System secondary circuit frequency
characteristic with parallel connection of the
resonant capacitor

Here, it should also specify the desired increase in the
transmitted active power P,  in relation to the same
parameter of the system without resonance. This
determines the relative current resonant frequency and,
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further, the overall power of the resonant capacitor. The
found value n, = f / f, using the expression (6) allows
determining the capacity of the resonant capacitor.

Thus, the solutions considered, consisting in the use of
resonant elements on both the primary and secondary
sides of the transformer, are accompanied by the
summation of positive properties. Indeed, the introduction
of a resonant LC-circuit parallel to the transformer
primary winding allows reducing losses in the inverter,
reducing the power switches temperature and increasing
the device reliability without affecting the system external
characteristics. The use of a serial (or parallel) resonant
capacitor on the transformer secondary side leads to the
independent  formation of the required external
characteristic that determines the transmitted power.
However, restrictions related to the permissible loads on
the resonant capacitor Cr will already apply [23].

4. Conclusion

Research has shown that the use of the resonant LC-
circuit on the transformer primary side and a series
resonant capacitor on its secondary side in combination
with the soft-switching mode reduced the losses. In the
transformer idle mode, the losses in the inverter are
reduced from 170 W to 25 W. In the transformer short-
circuit mode, the losses in the inverter are reduced from
170 W to 25 W. Using these solutions promotes to
increase the transmitted power from 212 W to 570 W.
These results indicate a significant increase in the system
quality characteristics and minimize the AUV battery
charge time. At the same time, the proposed solution
provides the specified performance with a limited range
of inverter load changes. Outside of this load range, soft-
switching mode is terminated and losses in the inverter
increase. Further system improvement involves the use of
duty cycle and frequency automatic control system of the
inverter, which is the subject of further research by the
authors.
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