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1. Introduction 

Chargers with contactless energy transmission are in 
demand in the transport industry and will be used on an 
even larger scale in the future [1]. They make it possible 
to recharge the traction batteries of the rolling stock of 
both ground [2] and water [1] autonomous electric vehicles 
without additional time spent on electrical connection and 
disconnection. It is known [1, 3] that non-contact chargers 
transmit energy mainly by inductive means; most of their 
designs include resonant inverters. Their power output var-
ies from 1 kW [3] to 500 kW [2] depending on the capacity 
of the battery to be charged and the requirements for the 
charging speed. The phenomenon of electrical resonance 
solves, in this case, two problems: ensuring the soft switch-
ing of the power keys and compensating for the parasitic 
leakage inductances of the inductor coils. Therefore, re-
search on the development and improvement of resonant 
inverters for non-contact chargers is relevant.

2. Literature review and problem statement

In transducing equipment, pulsed inverters with inde-
pendent excitation of oscillations [4–7] have become wide-
spread, in which a separate independent generator serves 
as the source of the inverter control signal. In study [4], to 
increase the power of resonant inverters, a dual power circuit 

with a packet control mode is used, which preserves optimal 
switching conditions. The impulse sequence is formed by 
the control system. Power adjustment is implemented by 
changing the number of pulses. However, to compensate for 
significantly changing circuit parameters, it is necessary to 
accurately monitor the phase of oscillations in the circuit. 
Paper [5] also uses a packet-pulse method of power regu-
lation, which is effective with a relatively stable resonant 
circuit and provides optimal switching conditions in a wide 
range of regulation. A typical example of a system with inde-
pendent excitation of oscillations is a chip of the UCC25600 
type for the construction of an LLC-resonance converter [6], 
and similar ones, which have become widespread in power 
systems of consumer and industrial electronics. High effi-
ciency and low generated interference in these converters 
are provided with integrated inductive elements. Frequency 
regulation compensates well for changes in load current but, 
if the resonance network becomes non-stationary, then addi-
tional feedback channels must be introduced into the control 
system to compensate for complex perturbations. This could 
adversely affect the stability of regulation.

Options for overcoming the problems of compensation of 
complex perturbations in a resonant converter system can 
be the combination of methods for regulating the power of 
converters. This approach is used in [7], where frequency 
regulation combined with switching the topology of the in-
verter circuit is used to adjust the power of the bidirectional 
converter system. However, the complication of the power 
circuit of the inverter and the control system is not always 
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acceptable for reasons of reliability under conditions of expo-
sure to powerful electromagnetic interference.

In this sense, an alternative is autogenerator circuits 
of converters that maintain oscillations using signals of 
their own power circuit [8–10]. They have a significant 
advantage for resonant converters ‒ the relationship of the 
operating frequency of self-generation with the parameters 
of the circuit and, as a result, the automatic change in the 
operating frequency and the maintenance of the mode of 
resonance compensation of unstable leakage inductances. 
In the process of non-contact charging, the leakage induc-
tances change significantly when the mutual position of 
the charging inductors changes. Therefore, the principle of 
self-generation [8] is advisable to use in resonant inverters 
of inductive chargers.

Paper [9] shows that self-generation in the inverter is 
implemented due to positive feedback on the circuit current 
in an integrated transformer with an additional winding. 
The advantages of the scheme are improved controllability 
and self-adjustment with variations in load parameters. The 
implementation of these advantages in non-contact char-
gers requires the development of special circuit solutions 
that replace the integrated transformer, compatible with 
the inductor system. For example, work [10] implement-
ed an original circuit solution of positive feedback with a 
separate low-power resonance system, which is similar in 
properties to the power resonance system. Owing to this 
separation, the stability of self-generation increases, but 
the self-adjustability of the inverter decreases when leakage 
inductances change in the power resonance system. There-
fore, in non-contact chargers with self-generation in positive 
feedback, it is advisable to use phase-shifting non-resonant 
filters of the first or second order. The low steepness of the 
phase characteristic of these filters would contribute to the 
self-tuning of the inverter with variations in the leakage 
inductances of the resonance system.

Switching conditions are also an important aspect of 
charging inverters. With certain ratios of the conversion 
frequency and the resonant frequency of the circuit, it is 
possible to achieve the conditions of soft switching of power 
valves with low power losses and an increase in the amplitude 
of oscillations as a result of resonant phenomena in the cir-
cuit, as shown in [11, 12]. In [11], soft switching takes place 
at a constant operating frequency and a variable number of 
pulses; in [12], the achievement of soft switching conditions 
using switching keys is shown. In both cases, the operating 
frequency is related to the parameters of the power circuit. 
When any parameter of the power circuit changes, in order 
to maintain the conditions of soft switching of the keys, 
the operating frequency of the inverter must be adjusted 
accordingly. The above allows us to assert that studying the 
dependences of the operating frequency of the inverter with 
self-generation on the parameters of the resonant circuit is 
expedient for improving powerful non-contact chargers.

3. The aim and objectives of the study

The purpose of this work is to derive analytical depen-
dences of the established operating frequency of resonant 
converters on the parameters of the circuit and positive 
feedback circuits characteristic of their autogenerator mode 
of operation and making it possible to expand the range of 
output power. This could help determine the parameters of 

positive feedback circuits in inverters with self-generation. 
The results of the study would make it possible to implement 
self-adjustment of the operating frequency of the non-con-
tact charger when the inductance of the resonant circuit 
changes within wide limits.

To accomplish the aim, the following tasks have been set:
– to define the classification of methods of excitation of 

oscillations in the circuits of resonant inverters; 
– to perform a comparative analysis of ways to imple-

ment self-generation in resonant inverters using non-reso-
nant filters;

– to analyze the conditions of key switching; 
– to determine the conditions for self-generation of oscil-

lations and theoretical and experimental (obtained as a re-
sult of simulation modeling) dependences of the established 
frequency of self-generation on the parameters of the circuit 
and the positive feedback circuit;

– to conduct simulation modeling of the transformers un-
der consideration to verify the results of theoretical research.

4. The study materials and methods

The study uses methods of differential and integral cal-
culus, numerical methods for calculating analytical depen-
dences, methods of simulation modeling of processes in the 
schemes of resonant inverters.

5. Results of studying self-generation conditions in serial 
resonant inverters 

5. 1. Classification of methods of excitation of oscilla-
tions in the contours of resonant inverters

We next consider the methods of excitation of oscilla-
tions and their control: independent, self-generator, mixed, 
and synchronous (Fig. 1).
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Fig. 1. Inverters with various methods of excitation of 
oscillations and their control: a – scheme of independent 
excitation of oscillations; b – scheme of self-generator 

excitation of oscillations; c – scheme of mixed excitation 
of oscillations; d – scheme of excitation of oscillations with 
synchronous control; MO ‒ Master Oscillator; Inv ‒ Inverter; 

RC ‒ Resonant Contour; RL ‒ Rectifier with load; PF ‒ Positive 
Feedback; DS ‒ Detector Sensor – the sensor-detector of the 
amplitude of oscillations in the circuit (the dotted line indicates 

the signal of temporary action); K – signal switch 
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Independent excitation of oscillations with asynchronous 
control (Fig. 1, a) is carried out using an autonomous con-
trolled oscillation generator (MO), in which parameters such 
as frequency, duty cycle, number of pulses can be adjusted. 
Converters with independent excitation of oscillations are 
described in [13, 14]. In the control system of the converter 
with independent excitation of oscillations, it is necessary to 
provide for such characteristics of the conversion frequency 
control so that the desired valve switching conditions are 
observed throughout the control range [12, 15, 16]. Control 
characteristics are calculated for specific circuit parameters. 
Therefore, the parameters must be stable. The advantages 
of independent control are the simplicity of implementing 
a discrete control system and the stability of the operating 
frequency in the presence of a digital frequency synthesizer. 
The disadvantage of independent control is a significant 
deviation from the rated value of amplitudes and phases of 
oscillations with instability of circuit and load parameters, 
especially when working near the resonant frequency. If the 
load varies over a wide range ‒ from the rated value to idling, 
changes in the phase shifts of oscillations in the circuit rel-
ative to the excitation voltage of the inverter ug can lead to 
violations of switching conditions with an increase in power 
losses in the power keys of the circuit.

The self-generator excitation of oscillations present in 
converters such as those reported in [9, 10] occurs due to 
the action of positive feedback (Fig. 1, b) on any value ‒ 
for example, on the magnitude of the current or voltage of 
the element of the power circuit. In control systems with 
self-generation, the oscillation frequency usually chang-
es automatically with changes in the circuit parameters. 
However, the conditions of self-generation can be violated 
with deep power regulation and when the load changes. 
Therefore, self-generator systems are more applicable in 
resonant inverters with a narrow range of power control and 
load changes – mainly for constant load. The advantage of 
self-generator excitation is the automatic maintenance of 
the phase of oscillations in the circuit and the conditions of 
switching the keys with moderate instability of the circuit 
parameters due to the presence of positive feedback on the 
parameters of the oscillations. The disadvantage of self-gen-
erator excitation is the limited range of power regulation 
and load changes. The reason for this restriction is a possible 
violation of the self-generation conditions with a decrease in 
the amplitude of oscillations below the sensitivity thresholds 
of PF links, leading to a breakdown in self-generation and a 
failure of the output voltage.

Mixed excitation of oscillations (independent excitation 
with the occurrence of self-generation) (Fig. 1, c) avoids a 
possible disruption of self-generation of oscillations in the 
inverter circuit. At the beginning of operation, or when the 
conditions of self-generation are not met, the oscillations in 
the circuit are excited by an independent exciter generator 
with constant signal parameters. As the amplitude of oscil-
lations increases to the level recorded by the detector sen-
sor (DS), switch K switches from input 1 to input 2 and a PF 
self-generation begins to operate, as in [10], where self-gener-
ation is started using a thyristor. Mixed excitation should be 
used when introducing insensitivity zones into the elements 
of the PF loop to exclude false positives of elements caused 
by thermal noise, transient processes (which quickly end), 
and interference. Limiting the sensitivity of elements in the 
PF circuit to reduce the effects of noise and interference in 
turn reduces the likelihood of spontaneous self-generation. 

Therefore, the independent exciter creates initial oscillations 
with a sufficient amplitude so that when the amplitude of 
oscillations increases to a normal level, the PF loop reliably 
enters the work.

Excitation with synchronous control (Fig. 1, d) is real-
ized by an independent generator, which, after establishing 
the rated mode of operation of the converter, begins to syn-
chronize with free oscillations in the circuit, for example, 
when the circuit current passes through zero. An example of 
such a converter would be [11]. In this case, the frequency of 
oscillations becomes associated with the parameters of the 
resonance circuit, and switching conditions can be observed 
automatically with unstable parameters of the resonance 
circuit.

Thus, in resonant charging inverters, it is advisable to 
use mixed excitation systems and systems with synchroni-
zation, which make it possible to maintain the self-tuning of 
the inverter with an unstable inductance of the circuit.

5. 2. Comparison of ways to implement self-genera-
tion in resonant inverters

We next consider in detail the methods of implementing 
the self-generation of oscillations according to the schemes 
in Fig. 2 with phase-shifting non-resonance filters in the PF 
loop.

a

b

c 
 

Fig. 2. Circuits of self-generating resonant inverters: 	
a – with positive feedback (PF) on the current of the 

resonant circuit ir and with a high pass filter (HPF); b – with 
PF by inductance voltage uL and with a low pass filter (LPF); 
c – with PF on the voltage of capacitance uC and with a band 

pass filter (BPF); Inv ‒ Inverter, CS ‒ Current Sensor and 
VS ‒ Voltage Sensor – current and voltage sensors, 	

RE ‒ Relay element, upos – PF voltage 

The replacement circuit of the resonant inverter is 
represented here by an active resonant rLC-circuit with 
a voltage source ug. For excitation and auto-generation of 
oscillations, PF is used on the current of the circuit ipk in 
Fig. 2, a, on the inductance voltage uL in Fig. 2, b, and on 
the voltage on capacitance uc in Fig. 2, c. Signals for PF are 
generated by voltage sensors DN or a DT current sensor 
measuring the relevant values. Practically, for obtaining PF 
signals in the circuits in Fig. 2, one can use the following 
elements: in Fig. 2, a – current transformer, in Fig. 2, b ‒ an 
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additional winding of the resonant choke, and for the circuit 
in Fig. 2, c – a resistive-capacitive voltage divider. Next, sig-
nals from the quantity sensors are sent to the phase-shifting 
filters of low frequencies (LLF), high frequencies (HLF), or 
bandpass filter (BF). Filters are used to create some definite 
mismatch of the established frequency of self-generation ωg 
relative to the resonant frequency ω =0 1/ .LC  This mis-
match is necessary to provide key switching conditions in 
which switching power losses are small. From the output of 
the phase-shifting filters, signals are sent to relay elements P, 
which may have insensitivity zones or hysteresis character-
istics to reduce the influence of noise and interference on 
the working processes in the control system. Relay elements 
convert signals with a shape close to a sine wave into rect-
angular signals that control the states of the keys of voltage 
inverters I. The activation of the keys corresponds to 
the polarity of the signals of the relay elements P in 
such a way that the rectangular voltages ug generated 
at the output of the voltage inverters correspond to the 
output signals of the phase-shifting filters upos.

Applying a bandpass filter in the circuit in Fig. 2, c is 
necessary to eliminate the constant component of the PF 
signal by voltage on the capacitance. The constant com-
ponent of the voltage on capacitance may arise due to the 
spread of parameters and asymmetric switching of the 
keys of the inverter arms. When used as a phase-shifting 
filter, the resulting constant component would lead to 
the accumulation of undesirable displacement in the 
PF loop and to a violation of the conditions of soft key 
switching. Therefore, in this case, it is necessary to use a 
bandpass filter with a pole frequency setting in the direc-
tion of phase delay at the operating frequency.

Thus, the phase-shifting non-resonance filters of 
the first and second order in the positive feedback 
circuit of inverters set certain shifts in the operating 
frequency of self-generation relative to the resonant 
frequency. This makes it possible to control the power 
of the inverter, maintaining the predefined ratio of 
operating frequency and resonant frequency. And with 
an unchanged adjustment signal, keep the specified 
amplitude of oscillations within acceptable limits with 
inductance variations.

5. 3. Key switching conditions
The switching conditions of the inverter keys are deter-

mined by the ratio of the operating frequency and the reso-
nant frequency of the circuit. When operating at a resonant 
frequency ωg=ω0 (Fig. 3, b), the phase of the rectangular 
voltage of the inverter ug coincides with the current phase of 
the circuit ipk. At the moments of switching the inverter keys, 
when the voltage ug is gradually changing, the alternating 
current ipk will pass through zero. Thus, the keys of the in-
verter will switch at a current close to zero. Possible switch-
ing power losses will be minimal and due mainly to recharg-
ing of parasitic key and mounting capacitance [12, 15, 16].

If, as a result of the instability of the circuit parameters, 
the resonant frequency shifts slightly upwards, the operating 
frequency will be lower than the resonant frequency ωg<ω0 
and the current of the circuit ipk will outpace the voltage of 
the inverter ug in phase (Fig. 3, a). Switching of keys at times 
tk, tk+1, tk+2 will occur at a non-zero current ipk, which has 
already changed sign in relation to the normal direction of 
the current through the keys. Basically, bipolar and field-ef-
fect transistors with connected power diodes between the 

collector-emitter or drain-source terminals for transmitting 
the reverse current of the transistor are used as active keys 
of high-frequency resonance converters. That is, in a transis-
tor inverter when operating in the low-frequency operating 
frequency range (LF range), the next transistors open when 
currents pass through the reverse diodes of adjacent tran-
sistors. Since the diodes conducting the current must be 
closed by the reverse voltage, this leads to significant pulses 
of charge resorption currents during the restoration of the 
reverse impedances of the diodes. On the opening transistors 
during the locking of the diodes, such a large pulsed power 
of heat loss is released, which can disable the transistors and 
lead to a converter failure. Therefore, operation in the LF 
range of the operating frequency (Fig. 3, a) in a resonant 
converter with a transistor inverter is unacceptable.

When the resonant frequency of the circuit shifts down-
wards spontaneously, the operating frequency becomes 
higher than the resonant frequency ωg>ω0 and the current 
of the circuit ipk begins to lag in phase from the voltage of 
the inverter ug (Fig. 3, c). The converter operates in the 
HF range of the operating frequency. Switching of the 
keys at times tk, tk+1, tk+2 will occur at a non-zero current 
ipk, which still corresponds to the normal direction of the 
current through the keys. Therefore, the transistors of the 
inverter will close at a non-zero current value. Further, the 
opening adjacent transistors will pass this current through 
themselves without a pulsed increase in the current in the 
switching intervals, as was observed when locking the re-
verse diodes. Then the converter works in the LF range of 
the operating frequency. Consequently, although switching 
losses will occur, they will be much lower than switching 
losses under hard switching. Therefore, the switching 
conditions during the operation of the resonant inverter in 
the HF range of the operating frequency can be considered 
quite acceptable.

a                                                     b

c	
	

Fig. 3. Plots of inverter voltage and circuit current, explaining the 
switching conditions of the inverter keys: ug – inverter voltage, 	

ipk – resonant circuit current, ikom – circuit current at 
switching moments tk, tk+1, tk+2: a – at LF operating 

frequency range (ωg<ω0); b – when operating at the resonant 
frequency (ωg=ω0); c – at HF operating frequency range (ωg>ω0)
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In addition, a small margin in the operating frequency 
relative to the resonant frequency creates a reserve in the 
phase δ in Fig. 3, c. Phase reserve contributes to the pres-
ervation of soft switching with slight variations in circuit 
parameters caused by the temperature and aging of the ele-
ments of the power part of the inverter.

Thus, when determining the frequency of self-generation 
of oscillations, it is necessary to take into consideration that 
for the successful functioning of the resonant converter, it is 
necessary that its operating frequency should be not lower 
than the resonant frequency.

5. 4. Defining conditions for the self-generation of oscil-
lations, and dependences of the frequency of self-generation

Conditions for self-generation of oscillations in the 
circuits of resonant inverters are created with the help of 
PF and can be formally represented as conditions for the 
instability of a closed system with a structure in Fig. 2, 3. 
For linearized dynamical systems, algebraic stability cri-
teria (e. g., Ruth-Hurwitz [16]) are used, on the basis of 
which, in this case, it is necessary to ensure the instability 
of the converter system with PF. According to Lyapunov’s 
criteria, an unstable system must have positive real parts 
of at least one of the roots of the characteristic equation. 
However, the expressions of the roots of the characteristic 
equation of order greater than two in general form will be 
cumbersome. In accordance with Hurwitz’s criteria, for the 
instability of the system and the emergence of self-genera-
tion, it is enough to have at least one negative coefficient of 
the characteristic equation [16]. They were used to find the 
conditions for self-generation.

When exciting oscillations (when fluctuations of current 
and circuit voltages still have small amplitudes), circuits in 
Fig. 2 may be linearized. To this end, the relay element P and 
the inverter I are replaced by linear gearing links with finite 
gains, the total coefficient of which is denoted as Kpos. The 
expressions of the coefficients of the characteristic equation of 
the closed linearized dynamical system of the resonant inverter 
have been obtained. The general expression of the transfer 
function of an open inverter system can be written as a product. 
The transfer function of the resonance circuit Hpk(s), which is 
defined as the ratio of the output image to the inverter voltage 
image, is multiplied by the transfer function of the phase-shift-
ing filter Hf(s) and by the gain factor Kpos of the linear iner-
tia-free PF links. (Hereinafter s=jω+σ is the Laplace operator.)

( ) ( ) ( )= ⋅ ⋅ ,res pk f posH s H s H s K 			   (1)

General characteristic equation of a PF loop-closed lin-
earized inverter system for circuits in Fig. 2 will take the form

( )− =1 0.resH s 				   (2)

The specific expressions of the coefficients of equa-
tion (2) will be different for the three schemes in Fig. 2: 

1) for the circuit with PF on the circuit current and with 
the VHF in Fig. 2, a, we have the following transfer function 
of the resonant circuit

( ) ( )
( )

( )
( )

ω ρ
= =

ω + ω +
0

2 2
0 0

/
,

/ / 1
pk

pk
g

i s s
H s

u s s s Q
	 (3)

where ω =0 1/ LC  is the resonant frequency of the circuit, 
ρ = L C  is the wave impedance, Q=ρ/r is the Q factor 

of the circuit, r, L, C is the active impedance, inductance, 
and capacitance of the circuit. the HHF transfer function  
is Hhpf=τfs/(τfs+1). The characteristic equation, according 
to (2), takes the form

τ τ τ   
+ + − + τ + + =   ω ω ω ρω ω   

3 2
2 2
0 0 0 0 0

1 1
1 0.f f pos f

f

K
s s s

Q Q

It gives the condition of instability, namely the condition of 
self-generation of oscillations in the form

τ τ
+ − <

ω ω ρω0 0 0

1
0,f pos fK

Q

from where we find the expression for the required gain fac-
tor in the PF loop

> + τ ;pos fK r L  			   (4)

2) for a circuit with PF on inductance voltage and with 
LFF in Fig. 2, b, we have the following transfer function of 
the resonance circuit

( ) ( ) ( ) ( )= = ⋅ ⋅ .pkL L g pkH s u s u s H s s L 		  (5)

The LFF transfer function is Hlpf=1/(τfs+1). The charac-
teristic equation (2) takes the form

τ τ   
+ + − + τ + + =   ω ω ω ρω ω   

3 2
2 2
0 0 0 0 0

1 1
1 0.f f pos

f

K L
s s s

Q Q

The condition of auto-generation of oscillations

τ
+ − <

ω ω ρω2
0 0 0

1
0,ф posK L

Q
 

from where we find the expression for the required gain fac-
tor in the PF loop

> τ +1;pos fK r L  			   (6)

3) for a circuit with PF on capacitance voltage and with 
a bandpass filter (PF) in Fig. 2, c, we have the following 
transfer function of the resonance circuit

( ) ( ) ( ) ( ) ( )= = ⋅/ .рkC C g рkH s u s u s H s s C 	 (7)

The bandwidth filter transfer function is 

Hbpf=τ1s/((τ1s+1) (τ2s+1)), 

where τ1 and τ2 are the time constants of the bandpass fil-
ter (PF) links. 

The characteristic equation of the PF-closed inverter 
system (2), in this case, takes the form

  τ τ τ τ
+ + τ + +  ω ω ω ω   

   τ
+ τ + τ + + +  ω ω ω   

 
+ τ + τ + − τ + = ω 

4 31 2 1 1
22 2 2

0 0 0 0

21
1 2 2

0 0 0

1 2 1
0

1

1 1

1
1 0.pos

s s
Q

s
Q Q

K s
Q
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The condition of auto-generation of oscillations 

τ + τ + − τ <
ω1 2 1

0

1
0,posK

Q
 from where we find the expression 

for the required gain factor in the PF loop

> τ + τ τ +1 2 1 1.posK rC 	 		  (8)

The values of the PF gain factors (4), (6), (8), necessary 
for self-generation, are provided by adjusting the sensitivity 
thresholds of the relay element P in Fig. 2. It is taken into 
consideration that the ideal relay element with zero sensitiv-
ity thresholds is a linear amplifier element with a gain factor 
tending to infinity.

Next, it is necessary to determine the steady-state 
frequency of self-generation ωg and its dependence on the 
parameters of the phase-shifting filters. To this end, it is pos-
sible to consider the conditions of self-generation at a given 
frequency from the point of view of the phase and amplitude 
criteria for the instability of the dynamic system.

( )φ ω =∑ 0,gj  |Hres( jωg)|≥1.		  (9)

These criteria mean that for an open system that gener-
ates unabated oscillations when the PF is closed, the total 
phase shift should be zero (phase balance). And the total 
gain (loop gain) should be at least one at the operating fre-
quency of self-generation. From the first balance equation 
in (9), it is possible to find the frequency of self-generation ωg 
and then, from the second inequality in (9) (from loop gain), 
it is possible to find the gain value necessary for self-gener-
ation in the PF loop. Self-generation frequency expressions 
of three resonant converter circuits with self-generation in 
Fig. 2 are defined as follows:

– for the circuit with PF on the circuit current and the 
VHF circuit in Fig. 2, a, the phase balance equation will be 
written as Φhpf+Φpk=0, where Φhpf=arctg(1/(ωgτf)) is the 
phase shift HHF, Φpk=arctg(Q(ω0/ωg)–Q(ωg/ω0)=–δ is the 
phase shift between the voltage of the inverter ug and the 
current of the resonant circuit ipk according to the transfer 
function (3) for the operating frequency of self-generation ωg. 
After substituting the expressions of phase shifts into the 
equation of phase balance and simplifications, an expression 
of the steady frequency of self-generation is derived

ω = ω + τ0 1 .g frC 			   (10)

From this expression, it follows that the converter in 
Fig. 2, a always works in the HF operating frequency range 
ωg>ω0. With a decrease in the active impedance of the cir-
cuit r and an increase in the constant time of LFF τf, the 
self-generation frequency tends to the resonant frequency of 
the circuit.

For a circuit with PF on inductance voltage and with 
LFF in Fig. 2, b, a phase balance equation, according to 
Fig. 4, will be written as π/2+Φlpf+Φpk. In this expression, 
the angle π/2 takes into consideration the phase advance 
of the inductance voltage relative to the circuit current,  
Φlpf =arctg(–ωgτf) is the LFF phase shift, Φpk is the phase 
shift between the voltage of the inverter ug and the current 
of the circuit ipk. The output voltages of the phase-shifting 
filters upos_lpf and upos_hpf in Fig. 4 correspond in phase to the 
output voltage of the inverter ug for the LF and HF operating 
frequency ranges.

b	
	

Fig. 4. Diagrams of phase displacements between oscillatory 
quantities in the dynamic system of a resonant inverter: 

a – phase; b – temporal (upos_lpf, upos_hpf – voltages at the 
output of phase-shifting filters for low frequencies and for 
high frequencies of operating frequency ranges, setting the 

voltage phase of the inverter ug)

After substitutions, taking into consideration the ratio 
of π/2+arctg(a/b)=‑arctg(b/a), we obtain an expression of 
the self-generation frequency ω = ω + τ0 1 ,g frC  which co-
incides with the previously obtained expression (10) for PF 
on the current of the circuit. The self-generation frequency is 
also in the HF operating frequency range.

For the scheme with PF on capacitance voltage and with 
a pass filter (PF) in Fig. 2, c, the phase balance equation, ac-
cording to Fig. 4, will be recorded as π/2+Φbpf+Φpk=0, where 
the angle π/2 takes into consideration the phase advance of 
the inverted (shifted by 180°) voltage on capacitance, relative 
to the circuit current, ( ) ( )( )( )φ = − τ τ ω ω τ + τ2

пф 1 2 1 2arctg 1 /g g  
is the phase shift of PF, Φpk is the phase shift between the 
voltage of the inverter ug and the current of the circuit ipk. 
After substitutions, taking into consideration the ratio 
π/2+arctg(a/b)=–arctg(b/a), we obtain an expression for 
the self-generation frequency

( )

ω = ×
τ

τω + τ ω + τω +
× τω + ω τ + +

+τ ω − τω +

2 3
0 0 02 2

0 0 24 4 2 2
0 0

1

2

(2 ) 4 4
2 ,

2

g
Q

Q Q
Q Q

Q Q Q
(11)

where τ1=τ2=τ are PF time constants equal to each other. 
The expression of the self-generation frequency for the vari-
ous time constants τ1 and τ2 is also built but is not given here 
because of its bulkiness. The frequency of self-generation in 
this case is also in the RF range of the operating frequency. 
Owing to the phase-shifting filters in the circuits in Fig. 2, 
it reliably provides reserves for phase δ ‒ the phase advance 
of the inverter voltage relative to current fluctuations, main-
taining the frequency of self-generation above the resonant 
frequency of the circuit.
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For the converter to work in the LF range of the operating 
frequency, it is advisable to use PF on the circuit current with 
a slight delay in phase. In the circuit in Fig. 2, a, LFF should 
be inserted instead of HFF. Then the balance of phases will 
be recorded, according to Fig. 4, a, as Φlpf+Φpk=0. After sub-
stituting the above-recorded expressions Φlpf and Φpk=–δ, the 
expression of the steady-state self-generation frequency for 
the LF of the operating frequency range is obtained

( )ω = ω + τ0 1/ 1 ,g fr L 			  (12)

from which it is not difficult to see that ωg<ω0. The op-
eration of the resonance converter in the LF range of the 
operating frequency can be justified (and necessary) when 
used as keys of the thyristor inverter. Thyristors will 
lock at the intervals of reverse current (darkened areas in 
Fig. 3, a). At the same time, the current surges on the open-
ing thyristors when the charge carriers of the closing 
adjacent diodes are absorbed will not be so great since 
the recovery time of the reverse impedance of the diode 
is comparable to the time of unlocking the thyristor.

Phase characteristics shown in Fig. 5 demonstrate 
changes in the frequency of self-generation when the 
phase-shifting filter constants change. Curves 2–4 
correspond to the inverted phase characteristics of 
LFF in the PF current converter with the abscissa 
axis. Curves 5–7 correspond to the inverted phase 
characteristics of the HFF axis in the PF-overcur-
rent converter in Fig. 2, a. They also correspond to 
the inverted relative to the abscissa axis and shifted 
down by 90° the phase characteristics of LFF in the 
converter with PF voltage at inductance in Fig. 2, b. 
The intersection points of all these curves with the 
phase characteristic of the circuit (curve 1) determine 
the established frequencies of self-generation. For 
curves 2–4, the self-generation frequencies are always 
less than the resonant frequency of the circuit. The 
converter with PF for current and LFF always oper-
ates in the LF range of the operating frequency (ωg<ω0). 
For curves 5–7, the self-generation frequencies are always 
higher than the resonant frequency of the circuit. Con-
verters with PF for current and HFF, and with PF for 
voltage inductance and LFF, always operate in the HF 
range of the operating frequency (ωg>ω0).

In Fig. 5, we marked frequencies * *
1 2 ,g LF g LFω < ω  which 

correspond to the time constants of LFF τf=10/ω0 
and τf=1/ω0. The frequencies * *

1 2g HF g HFω < ω  correspond to 
the filter time constants τf=10/ω0 and τf=1/ω0. It follows 
that in the LF range of the operating frequency, with an 
increase in the constant of LFF, the frequency of self-gen-
eration decreases and moves away from the resonant 
frequency of the circuit. In the HF range, an increase in 
the time constant of the phase-shifting filters also leads 
to a decrease in the frequency of self-generation and its 
approximation to the resonant frequency of the circuit.

For the circuit in Fig. 2, c, with a voltage PF on capacitance 
at large band filter time constants τ1>1/ω0 and τ2>1/ω0, the 
phase balance with an acceptable approximation is illustrat-
ed by curves 1 and 5–7 in Fig. 5.

As discussed above, the circuits in Fig. 2 provide self-gen-
eration only in the HF range of the operating frequency. If 
you replace HFF with LFF in the circuit in Fig. 2, a, you can 
go to the LF range of the operating frequency and stay in it. 
When designing powerful resonant generators of harmonic 

oscillations, the characteristics of the circuit with the abil-
ity to adjust the self-generation frequency within both the 
LF and HF conversion frequency ranges are of particular 
interest. According to Fig. 4, the phase-shifting filter must 
provide a negative or positive phase shift ±δ relative to the 
oscillations of the resonant current during its tuning. These 
requirements are met by a bandpass filter or an active phase 
filter with zero phase shift at the center frequency. Consid-
er the circuit in Fig. 2, a with PF on the current, in which, 
instead of HFF, we shall use the bandpass filter from the 
circuit in Fig. 2, c having a symmetric phase characteristic 

( ) ( )( )( )φ = − τ τ ω ω τ + τ2
1 2 1 2arctg 1 / .pf g g  The phase balance 

will take the form Φbpf+Φpk=0. The frequency of self-gener-
ation will be determined by the ratio

( )
( )

ω τ + τ +
ω = ω

τ τ ω + ω τ + τ
0 1 2

0 2
1 2 0 0 1 2

1
.g

Q

Q
			   (13)

The self-generation frequency ωg in (12) may be less and 
greater than the resonant frequency ω0 depending on the 
values of the time constants τ1 and τ2.

To visualize the degree of influence of the settings of 
phase-shifting filters in the PF loop of resonant converters on 
the frequency of self-generation, the dependences of the fre-
quency of self-generation ωg on the frequencies were calculat-
ed. The pole settings of the phase-shifting filters are defined 
as ωpol=1/τf, where τf is the first-order filter time constant, 
τ = τ1 f bwk  and τ = τ2 f bwk  are the time constants of the 
bandpass filter links, kbw≥1 is the bandwidth coefficient of the 
bandwidth filter. Figure 6 shows the plots of these dependenc-
es. Plot 1 is calculated from (11), plot 2 ‒ (10), plots 3–5 ‒ (13), 
plot 6 ‒ (12) for wave impedance ρ=1 and Q factor Q=2, which 
roughly corresponds to actual converters.

The gain factors required for the emergence and main-
tenance of self-generation in the converter PF loop can be 
found from the requirement for the value of the loop gain (9), 
which is equal to the product of the modules of the transfer 
functions of the links of the PF circuit (1)

( ) ( )ω ⋅ ω ⋅ ≥ 1,pk g f g posH j H j K  

hence 

( ) ( ) −
≥ ω ⋅ ω

1
.pos pk g f gK H j H j 	 (14)

 

 

Fig. 5. Phase characteristics of the resonant circuit (curve 1) 
combined with the phase characteristics of the first-order phase-

shifting filters (curves 2–7) for different filter time constants: 	
2 and 5 ‒ for τf=10/ω0, 3 and 6 ‒ for τf=1/ω0, 	

4 and 7 ‒ for τf=0.1/ω0
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Fig. 6. Dependences of the frequency of self-generation ωg 
on the frequency of the pole ωpol of the phase-shifting filters 

relative to the resonant frequency of the circuit ω0: 	
1 – for positive voltage feedback on capacitance (Fig. 2, c) 

with a bandpass filter; 2 – for positive current feedback with 
a high-frequency filter (Fig. 2, a) and for positive feedback on 

inductance voltage with a low-frequency filter (Fig. 2, b); 	
3, 4, 5 – for positive current feedback with a bandpass filter at 
different bandwidth coefficients kbw=1; 10; 100, respectively; 

6 – for positive current feedback with a low-pass filter

Calculated from (14), the minimum re-
quired gains in the PF loop for resonant 
inverters with different links in the PF 
are given in Table 1 at different settings of 
the relative frequencies of the poles of the 
phase-shifting filters ωpol=1/τf.

Table 1

Gain factors Kpos_min in the positive 
feedback loop of resonant inverters

Inverter 
type

Frequencies of tuning phase-shift-
ing filters ωpol/ω0

0.1 0.3 1.0 3.0 10

– with in-
ductance 
voltage 
PF and 

LFF, HF 
range

5.048 1.797 0.833 0.767 0.883

– with 
circuit 
current 
PF and 

LFF, HF 
range

0.505 0.539 0.833 2.3 8.833

– with ca-
pacitance 

voltage 
PF and 

BPF*, HF 
range

5.325 2.146 1.614 4.111 22.277

– with 
circuit 
current 
PF and 

LFF, HF 
range

8.833 2.583 0.833 0.548 0.505

Note: for the bandpass filter, it is accepted that 
τ1=τ2=τf

If, instead of relay elements P in PF in Fig. 2, a‒c, we 
use reinforcement links, their transmission coefficients Kpos 
should take values not less than those given in Table 1. When 
using noise-resistant relay elements with an insensitivity 
zone or with a hysteresis characteristic, their sensitivity 
thresholds Uth should be selected in such a way that the 
self-generation condition is met

< ⋅_min _min ,th s sen posU U K K 		  (15)

where Us_min is the minimum supply voltage of the invert-
er, Ksen is the transmission coefficient of the current sen-
sor (V/A) or voltage (V/V), Kpos_min is the value from Ta-
ble 1. It is worth noting that condition (15) is easy to fulfill 
in real inverter circuits.

5. 5. Simulation results 
To verify the accuracy of the obtained dependenc-

es of the frequency of self-generation, simulation experi-
ments were conducted with model schemes in Fig. 7, a–c, 
which correspond to the circuits of resonant inverters in 
Fig. 2, a–c. A voltage inverter (Inverter elements in Fig. 7) is 
a two-key, reverse diode semi-bridge circuit that is powered 
by a bipolar voltage ±Us. Phase-shifting filters F are imple-
mented in the form of passive RC-filters with transfer func-
tions ( ) ( )= τ τ +ф ф 1hpfH s s s  in Fig. 7, a, ( ) ( )= τ +1 1lpf fH s s  
in Fig. 7, b, and ( ) ( )( )= τ τ τ + τ + τ + τ +2

1 1 2 1 12 2 1bpfH s s s s  
in Fig. 7, c with time constants τ ττ = ⋅ ,f R C  τ ττ = ⋅1 1 1,R C  

τ ττ = ⋅12 1 2,R C  2 2 2,R Cτ ττ = ⋅  respectively.

 

 

(uC) uposir

(uC)

ir

upos

(uC)

ir
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a

b
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Fig. 7. Simulation models of inverters with self-generation in Fig. 2, a–c, 
respectively: Us ‒ power voltage; ug – voltage of the inverter half-bridge; 	

(ir) ‒ signal of the circuit current sensor; (uL) ‒ signal of the inductance 
voltage sensor; (uC) – signal of the voltage sensor on capacitance; upos – loop 
voltage PF; Inverter – voltage inverter; AS (Auto Start) – autostart elements; 	

Ф – phase-shifting filter; RE (Relay Element) – comparator
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The parameters of the reso-
nance circuit of inverter models 
are as follows: resonant frequency 

( )0 1/ 2 10000 Hz,r rf L C= π =  

the loop Q factor ( )= /r r rQ L R C  
(for Rr=0.795 Ohm Q=2, for 
Rr=0.159 Ohm Q=10), the fre-
quency of free oscillations 

( )= − 2
1 0 1 1/ 4f f Q  

(for Q=2 f1=9688 Hz, for Q=10 
f1=9993 Hz).

During model experiments, 
the schemes in Fig. 7, a–c were 
started with zero initial condi-
tions at different values of the 
Q factor of the circuit and time 
constants of the phase-shift-
ing filters. The Q factor of the 
circuit was changed by changing the impedance Rr. 
The time constants of the phase-shifting filters were 
changed by the impedances Rτ, Rτ1, Rτ2. In particu-
lar, different values of impedances corresponded to 
different relative frequencies of the poles of filters  
ωpol/ω0=1/(ω0τf), where ( )ω = π =0 02 1 r rf L C  is the fre-
quency of resonance given in Table 2.

Table 2

Filter impedance and pole frequency correspondences

Impedance 
value

159 79.5 53 31.8 22.7 15.9 7.95 5.3 3.18 2.27 1.59

Pole relative 
frequencies

0.1 0.2 0.3 0.5 0.7 1.0 2.0 3.0 5.0 7.0 10

For the bandpass filter, we accepted τ1=τ2=τf, and 
τ12=0,001τf was adopted to reduce the mutual influence of 
the links.

Oscillations in the circuits were excited by a 20 μs in-
verter control start pulse (AS keys in Fig. 7). After starting 
self-generation and reaching the amplitudes of fluctuations 
of stationary values (2‒3 ms model time), the simulation 
stopped, and the periods of stationary self-oscillations were 
measured. Plots of the processes of starting current oscilla-
tions at different Q factors of the circuit are shown in Fig. 8.

Based on simulation modeling, the series of self-genera-
tion frequencies at different values of the circuit Q factor and 
different frequencies of the poles of the phase-shifting filters 
were determined, given in the form of plots in Fig. 9. There, 
for comparison with experimental plots, dashed lines are 
plots of theoretical dependences of self-generation frequen-
cies, calculated from (10), (11).

Thus, during model experiments, it was found that the 
conditions of self-generation in resonant inverters with 
phase-shifting filters depend on the sensitivity of the relay 
element in the positive feedback circuit of the inverter. 
The operating frequency corresponds to the theoretical 
values more accurately, the lower the time constant of the 
phase-shifting filter and the higher the Q factor of the res-
onant circuit.

6. Discussion of results of studying the self-generating 
resonant inverters and positive feedback

The results of our study are explained by the consid-
eration of the calculated analytical dependences and their 
comparison with the modeling data. From Fig. 5, it follows 
that with an increase in the time constant of the phase-shift-
ing filters, the operating frequency of self-generation de-
creases. In the LF range, the operating frequency is further 
away from the resonant frequency of the circuit. In the HF 
range, the operating frequency asymptotically approaches 
the resonant frequency of the circuit. However, the chang-
ing operating frequency does not cross the boundary of the 

  
a                                                                      b 

 
Fig. 8. Plots of the inverter half-bridge voltage and circuit current at different values of 
the circuit Q factor: a – Q=2; b – Q=10 (the upper plots correspond to ωpol=0,1ω0 and 
the operating frequency close to the resonant frequency of the circuit; the lower plots 

correspond to ωpol=10ω0 and higher operating frequency)

 

 

Fig. 9. Experimental dependences (solid lines) of self-
generation frequencies ωg on the frequencies of the phase-

shifting filters settings ωpol, combined with theoretically 
calculated dependences (dotted lines): 1 and 2 – voltage PF 
on capacitance with a bandpass filter (Fig. 7, c) for Q=2 and 
for Q=10; 3 and 4 – positive feedback on the circuit current 
or inductance voltage with a first-order filter (Fig. 7, a, b) for 

Q=2 and for Q=10
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resonant frequency, which reliably sets the frequency range 
of the inverter with self-generation.

As can be seen from plots 2 and 6 in Fig. 6, chang-
ing the frequency of tuning phase-shifting filters in a 
wide range (a hundred times) changes the frequency of 
self-generation by 2.5 times. Thus, if the frequencies of the 
HF and LFF poles correspond to the resonant frequency 

0 1 ,pol fω = ω = τ  the calculated self-generation frequencies 
for the LF and HF operating frequency ranges will be 
ωgLF=0.816ω0, ωgHF=1.225ω0 and will differ by an equal 
number of times from the resonant frequency ω0. The 
phase reserves between the voltage of the inverter and 
the circuit current will be quite large:  40 .δ ≈ ±  When the 
Q factor of the circuit is increased to Q=10, these values 
will equal to ωgLF =0.953ω0, ωgHF =1.049ω0, 44 .δ ≈ ±   
The self-generation frequencies approached the resonant 
frequency, and the phase reserves became slightly higher, 
which can be considered an useful factor from the point of 
view of soft switching of the inverter keys with changes in 
the impedance of circuit loss.

Plots 3‒5 (Fig. 6) demonstrate that when the band of 
the pass filter in the converter with PF on the circuit cur-
rent (increase in the coefficient kbw), the effect of the central 
frequency of the filter tuning on the self-generation frequen-
cy decreases. Therefore, if the operating frequency is to be 
tuned as precisely as possible to a resonant frequency or to 
a specific operating frequency near the resonant frequency, 
it is advisable to narrow the bandwidth of the filter kbw→1. 
If the resonant circuit is characterized by instability, it is 
advisable to extend the bandwidth of the filter kbw=10…100 
to maintain self-generation conditions in a wide range of 
operating frequency changes.

The comparison of dependences in Fig. 6 reveals that 
plot 1 shows the strongest dependence of the self-generation 
frequency on the bandwidth filter tuning frequency but the 
operating frequency always remains higher than the reso-
nant frequency.

Plots 2, 6 (Fig. 6) demonstrate changes in the operating 
frequency of self-generation only in the HF and only in 
the LF bands at any frequencies of tuning the first-order 
phase-shifting filters. That makes it possible to implement 
phase-frequency regulation by changing the time constant 
of the phase-shifting filters without violating the switching 
conditions of the inverter keys. Plots 3–5 (Fig. 6) corre-
spond to an inverter with a bandpass filter in the PF current 
circuit, which implements the adjustment of the operating 
frequency on both sides near the resonant frequency in the 
LF and HF bands. The steepness of the frequency regulation 
will be the greater the narrower the bandwidth in the PF 
circuit. Tuning the operating frequency below and above 
the resonant frequency of the circuit can be useful in special 
induction communication systems. In this case, the keys of 
the inverters must allow switching at forward and reverse 
current.

Next, the modeling data are discussed. Distortions of 
the sinusoidal form of oscillations with an increase in the 
operating frequency and with a decrease in Q factor are 
visible from comparisons of the shape of the oscillations 
in Fig. 8, a, b. At an operating frequency close to the reso-
nant frequency, the shape of the current oscillations differs 
little from the sinusoid, and with an increase in the oper-
ating frequency, the current shape becomes closer to the 
triangular shape. The shape of the oscillations is also sig-

nificantly distorted with a decrease in the Q factor of the 
circuit. When the circuit becomes similar to an aperiodic 
link, the shape of the oscillations approaches exponential 
waves. However, the above theoretical data (10) to (13) 
were obtained for the first harmonics of oscillations. That 
is, they are valid for the sinusoidal shape and can allow 
for errors when deviating the shape of the inverter voltage 
from the sine wave. Therefore, theoretical dependences 
were also tested by simulation and for the sinusoidal volt-
age of the inverters ug in the circuits in Fig. 7, a‒c. That is, 
they are valid for the sinusoidal shape and can allows for 
errors in deviating the shape of the inverter voltage from 
the sine wave. Therefore, theoretical dependences were 
also tested using model experiments and for the sinusoidal 
voltages of inverters in the circuits in Fig. 7, a‒c. At the 
same time, the simulation data converged with theoretical 
data with an accuracy of no less than 5 % in the frequency 
range from 0.1 to 10 relative to the resonant frequency of 
the circuit.

As can be seen from the plots in Fig. 9, the dependences 
of self-generation frequencies for the circuit with PF on 
voltage on capacitance and with a bandpass filter in Fig. 7, c, 
obtained as a result of simulation modeling, practically 
coincide with theoretical dependences. For schemes with 
the first-order filters in Fig. 2, a, b, the experimental depen-
dences (obtained from simulation modeling) begin to differ 
significantly from theoretical ones (pairs of plots 3, 4) with 
a decrease in the time constant of filters (an increase in the 
frequency of the pole ωpol). The discrepancy between the ex-
perimental and theoretical plots increases with an increase 
in the operating frequency and with a decrease in the Q fac-
tor of the circuit, which is explained by distortions of the 
sinusoidal form of oscillations. Since the voltage shape of the 
inverter half-bridge is rectangular, the lower the Q factor of 
the circuit, the greater the proportion of harmonics present 
in the fluctuations of current and voltage on the capacitance 
of the circuit.

On the other hand, deviations from the sinusoidal shape 
of oscillations introduce additional phase shifts in the 
phase-shifting filters. The phase shifts of the first-order 
filters were more sensitive to distortions of the sinusoi-
dal waveform than the phase shift of the bandpass filter. 
Therefore, in the scheme with a band phase-shifting filter 
in Fig. 7, c, depending on the frequencies of self-generation 
obtained as a result of simulation modeling, differ little 
from the theoretically calculated dependences. The result-
ing dependences in Fig. 9 are recommended for use when 
the values of the Q factor of the circuit are within Q=2...10. 
The established theoretical dependences of the operating 
frequency (10) to (13) have an acceptable accuracy for 
engineering calculations for Q=5 or more Q factors. For 
a more accurate theoretical determination of the depen-
dences of self-generation frequencies at low Q factor of the 
circuit (Q<5), it is advisable to use the method of superim-
posing the components of the circuit current [17], applica-
ble for studying the parameters of stationary processes in 
the resonant inverter circuit.

The results at this stage of our study were obtained for 
the equivalent circuit of the primary side of the charger ‒ a 
sequential resonance inverter with self-generation. The ad-
vancement of this study is the implementation of self-gen-
eration based on signals from the secondary side (from 
the receiving inductor) of the charger. That would make 
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it possible to self-adjust the charging inverter, taking into 
consideration the coupling coefficient between the inductors 
and the output current, and thus improve the dynamics of 
the charging system under mechanical disturbances. How-
ever, there are difficulties in mathematical modeling of a 
non-stationary resonance system, which are planned to be 
overcome by combining numerical and theoretical analysis 
of the system.

7. Conclusions

1. Of the considered methods of excitation of oscillations 
in charge resonant inverters, it is advisable to use mixed (in-
dependent and self-generator) excitation of oscillations or 
excitation with subsequent synchronization. This would 
increase the stability of the system to interference under a 
standby mode and implement auto-tuning of the system to 
the parameters of the circuit under an operating mode.

2. From the point of view of noise immunity in the 
positive feedback loop of inverters, it is advisable to use 
low-frequency filters or bandpass filters. Therefore, for op-
eration in the LF range of the operating frequency, positive 
feedback on the circuit current is preferred. For the HF 
range, positive feedback on inductance voltage and capaci-
tance voltage is preferred.

3. To ensure optimal conditions for switching transis-
tors, the circuit current should δ=+0...90° lag in phase 

from the voltage of the inverter. Therefore, the operating 
frequency should be higher than the resonant frequency, 
which is provided by the proposed schemes of inverters 
with phase-shifting non-resonant filters in the PF loop 
when changing the time constant of the filters over wide 
limits.

4. The thresholds of sensitivity of relay elements in 
schemes with phase-shifting non-resonance filters in the 
PF loop have been defined. Exact values are determined 
experimentally or based on simulation modeling. An ex-
cessive increase in the sensitivity of these elements causes 
an undesirable reaction of the system to electromagnetic 
interference. Reducing the sensitivity will lead to the at-
tenuation of self-generation. When the first-order filters are 
used in positive feedback, the operating frequency ranges 
of the inverters do not cross the resonant frequency. When 
using bandpass filters of the second (and larger) orders, the 
operating frequency can be rearranged below and above the 
resonant frequency.

5. The operating frequency of the inverter corresponds to 
the theoretically calculated values the more accurately, the low-
er the time constant of the phase-shifting filter and the higher 
the Q factor of the circuit. The proposed theoretical depen-
dences of the operating frequency have an acceptable accuracy 
for engineering calculations for Q=5 or more. The obtained 
dependences of self-generation frequencies on the frequencies 
of the phase-shifting filters settings are recommended for use at 
the values of the circuit Q factor within Q=2...10.
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