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Abstract. The paper analyzes the electromagnetic processes in the power section of the se-
ries-to-series resonant converter for contactless inductive energy transfer. Static characteris-
tics or the converter are discussed. The state-variable method has been implemented to solve 
the vector-matrix equations describing the processes in the power section of the converter, 
which allowed obtaining the dependence of the average value of the output current on the pa-
rameters of the circuit elements, the load, and the size of the transformer gap. There have been 
also obtained the load and adjustment characteristics of the converter. The research results can 
be applied in the development of a converter control system. The adjustment characteristics 
are established for a sufficiently large interval with a large air gap; they are of a linear form. 
The load characteristics are quite rigid, which simplifies control of the converter’s output 
current.
Keywords: two-circuit resonant converter; contactless energy transfer; state-variable meth-
od; static characteristics.

Аннотация. Проанализированы электромагнитные процессы в силовой части 
последовательно-последовательного резонансного преобразователя для бесконтакт-
ной индуктивной передачи энергии. Получены решения векторно-матричных систем 
уравнений, описывающих электромагнитные процессы в силовой части резонансного 
преобразователя для бесконтактного электропитания. Получена зависимость средне-
го значения выходного тока преобразователя от параметров элементов резонансных 
контуров, величины воздушного зазора трансформатора, параметров источника и на-
грузки. Построены статические характеристики последовательно-последовательного 
резонансного преобразователя.
Ключевые слова: двухконтурный резонансный преобразователь; бесконтактная 
передача энергии; метод переменных состояния; статические характеристики.

Анотація. Проаналізовано електромагнітні процеси в силовій частині послідовно-
послідовного резонансного перетворювача для безконтактної індуктивної передачі 
енергії. Отримані рішення векторно-матричних систем рівнянь, що описують 
електромагнітні процеси в силовій частині резонансного перетворювача для безкон-
тактного електроживлення. Отримано залежність середнього значення вихідного 
струму перетворювача від параметрів елементів резонансних контурів, величини 
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повітряного зазору трансформатора, параметрів джерела і навантаження. Побудовано статичні характеристи-
ки послідовно-послідовного резонансного перетворювача.
Ключові слова: двоконтурний резонансний перетворювач; безконтактна передача енергії; метод змінних 
стану; статичні характеристики.
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Problem statement. Autonomous electronic devices 
of small and medium power capacity that require period-
ic battery recharging are widely represented among por-
table communication devices, office equipment, in medi-
cine, automotive industry, etc. However, the fact that 
conventional conductive power supply interfaces feature 
friction contacts reduces the reliability of the devices, 
limiting their use or making it completely unacceptable, 
as is the case with electronic implants. For this reason, 
contactless energy transfer systems are being actively 
developed; they make use of an inductive coupling for 
energy transmission over certain distances. In the pres-
ence of a large air gap, such systems are characterized 
with a low magnetizing inductance and high dissipated 
inductances. The use of resonance converters in this case 
will reduce switching losses, increase the conversion fre-
quency and efficiency, and improve the conditions for 
electromagnetic compatibility. It will also effectively 
compensate for the impact of dissipated inductances, 
providing for a high output power of the converter with 
a large air gap.

Latest research and publications analysis. The 
output power capacity of the inductive transmission is in-
versely proportional to the size of the air gap and directly 

proportional to the conversion frequency [6]. Therefore, 
the use of resonant converters providing soft switching 
of power keys allows achieving a greater power capacity 
of the magnetic system without increasing the dynamic 
loss in the keys [1 – 3, 7]. At that, the magnetizing and 
dissipated inductances will become part of the resonant 
circuit connected to the output of the inverter [4]. If reso-
nant capacitors of such ratings are included to the circuits 
of the transmitter coil and the receiver coil, the circuits 
will be tuned to the same resonant frequency, and the ef-
ficiency of the inductive transmission will be increased 
substantially [5, 8, 9].

A series-to-series topology of resonant convert-
ers (RC) is similar to a series-to-parallel RC but with 
the resonant circuit containing two inductors [2]. The 
series connection of the resonant capacitor on the rec-
tifier side endows the converter with the properties of 
a constant voltage source [9]. The main advantage 
of this topology is the ease of calculating the reso-
nant capacitor on the inverter side; the inverter rating 
should be selected only with account for the desired 
resonance frequency and the values of the dissipated 
inductances and the capacitor’s rating on the rectifier  
side [8, 9]. 
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half-cycle is equal to Tosc /2. The total number of half-
cycles is n = nFrRv + nDs. Each half-cycle of resonant oscil-
lations can be conveniently divided into intervals during 
which energy is transmitted in one direction. These in-
tervals are dubbed as conversion phases [1]. The conver-
sion phases characteristic of the series-to-series RC are 
shown in Fig. 3. 

Two phase types can be distinguished within the 
conversion half-cycle. During the direct conversion 
phase Fr, energy is transmitted from the source to the 
load. During the reverse conversion phase Rv, the energy 
of the circuit is partially recovered to the source and par-
tially transmitted to the load. Thereat, the difference in the 
currents flowing through the primary winding dissipated 
inductance and magnetizing inductance ILd1 – ILm  =  ILd2 
changes its sign, which leads to an increase in the current 
of the load. The ILd1 current then flows towards the EMF 
of the source. Within this phase, the conditions are cre-
ated for power transistors switching at zero voltage. In 
the course of the circuit energy dissipation, there is only 
one conversion phase Ds (the energy accumulated in the 
circuit is dissipated to the load). Equivalent circuits of 
the series-to-series RC for the conversion phases under 
consideration are given in Table 1.

Let us compose the state equations for the power sec-
tion of the resonant converter with a series connection 
of the capacitors of the primary and secondary circuits. 
The controlled variable is the converter’s output current  
y(t) = im(t) = iLd2(t), the controlling variable is the number 
of voltage pulses in the loading phase nFrRv. The process-
es occurring in the resonant circuit are characterized with 
the state vector xT(t) = [iLd1(t) iLm(t) uCd1(t) uCd2(t)].

THE ARTICLE AIM is to study the electromagnet-
ic processes in the power section of a series-to-series res-
onant converter for contactless inductive energy transfer 
and obtain its static characteristics.

Basic material. The use of resonant converters provid-
ing soft switching of power keys allows achieving a greater 
power of the magnetic system without increasing the dy-
namic loss in the keys. Taking into account the advantages 
of the series-to-series RC topology for contactless induc-
tive energy transmission, it is advisable to use a converter 
with the power section of a layout shown in Fig. 1. 

 The device consists of two parts. The ground part 
contains a power factor corrector (PFC), a high-frequen-
cy inverter (I), a series resonant circuit (RCir1), and a 
magnetic coil used as a transmitter antenna. The mobile 
part includes a receiver coil, a series resonant circuit 
(RCir2), a rectifier with a filter (Rec) and a load (L). En-
ergy transmission occurs through the magnetic coupling 
between the receiver and transmitter coils. A circuit dia-
gram of the power section of the RC for wireless induc-
tive energy transmission (WIET) is shown in Fig. 2.

 Pulse-count adjustment offers such advantages as 
the minimal dynamic loss, possibility of maintaining 
a switching frequency equal to the resonant frequency 
over the whole range of adjustment, and maintenance of 
a sinusoidal current. These features make it the most at-
tractive option of the adjustment of the output current in 
resonant converters.

In the case of pulse-count adjustment, the adjustment 
cycle consists of nFrRv half- cycle s of resonance oscilla-
tions of the Fr and Rv conversion phases and nDs half- 
cycles of the Ds conversion phase. The duration of each 
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Fig. 3. . Conversion phases of the series-to-series RC:
а — energy transfer to the circuit, b — dissipation of the energy accumulated in the circuit
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Table 1. Equivalent circuits of the series-to-series RC for the conversion phases under consideration
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phase
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sign Closed keys Equivalent circuit
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+
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VD8

towards the EMF of the source. Within this phase, the conditions are created for 
power transistors switching at zero voltage. In the course of the circuit energy 
dissipation, there is only one conversion phase Ds (the energy accumulated in 
the circuit is dissipated to the load). Equivalent circuits of the series-to-series 
RC for the conversion phases under consideration are given in Table 1. 
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The system of equations for the positive half-wave of 
the resonant current of the Ds conversion phase has the 
following vector-matrix form:

x(t) = ADs+ · x(t) + BDs+ · E;                       (6)
y(t) = CDs+ · x(t).                               (7)
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Let us introduce the following notations:

ADs+ = ARv+ = AFr+ = ADs– = ARv– = AFr– = ASS;
CDs+ = CRv+ = CFr+ = CDs– = CRv– = CFr– = CSS;

 BFr– = –BFr+ = – BFr; 
BRv– = –BRv+ = – BRv; BDs– = –BDs+ = – BDs.

The following functions are the solutions to the vec-
tor-matrix differential equations (1), (4), (6): 

a) conversion phase Fr, positive half-wave 
(kTosc < t <  tFr+):

EBxAx
.

  DsDs (t)(t) ;    (6) 
)()( tty Ds xC   ,     (7) 

where 

 

















































0011

0001

d2d2

d1

d1d22d11d22d1

mmm22m

K
L

K
L

K
RL

K
RLRL

K
L

K
LL

K
RL

K
K

LLLL

LLLL

RL

DsA ; 























 



00
00

0

0

d1

m

L

L

Ds K
L
K
L

B ;  
.

0  0   1-   1








DsDs

Ds

BB
C ; 

Let us introduce the following notations: 
SSFrRvDsFrRvDs AAAAAAA   ; 

SSFrRvDsFrRvDs CCCCCCC   ; 
FrFrFr BBB   ;  
RvRvRv BBB   ; DsDsDs BBB   . 

The following functions are the solutions to the vector-matrix differential 
equations (1), (4), (6):  

a) conversion phase Fr, positive half-wave (kTosc<t<tFr+): 
EDxx A  

FrSS
kTt kTtkTet SS )()()( oscosc

)( osc ;   (8) 
b) conversion phase Fr, negative half-wave ((k+1/2)T <t<tFr-): 

EDxx
A




FrSS

Tkt
TktTket SS ))

2
1(())

2
1(()( oscosc

))
2
1(( osc ; (9) 

c) conversion phase Rv, positive half-wave (kTosc+tFr+<t<(k+1/2)T ): 
EBDxx A  

RvFrSSFr
tkTt tsckTttkTet FrSS )o()()( osc

)( osc ;    (10) 
d) conversion phase Rv, negative half-wave ((k+1/2)Tosc+tFr+<t<kTosc): 




))
2
1(()( osc

))
2
1(( osc

Fr

tTkt
tTket FrSS xx

A

     
EBD  RvFrSS tTkt ))

2
1(( ;   (11) 

e) conversion phase Ds, positive half-wave ((k+nFrRv)·Tosc<t< 
<(k+1/2+nFrRv)·Tosc): 




)
2

)(()( osc
)

2
)(( osc Tnket FrRv

T
nkt FrRvSS xx

A
     

EBD  DsFrRvSS
Tnkt )
2

)(( osc ;    (12) 

f) conversion phase Ds, negative half-wave ((k+1/2+nFrRv)·Tosc<t< 
(k+1+nFrRv)·Tosc): 




)
2

)1(()( osc
)

2
)1(( osc Tnket FrRv

T
nkt FrRvSS xx

A
     

EBD  DsFrRvSS
Tnkt )
2

)1(( osc ,    (13) 

where 

;  (8)

b) conversion phase Fr, negative half-wave 
((k + 1/2 ) Tк < t < tFr–):

EBxAx
.

  DsDs (t)(t) ;    (6) 
)()( tty Ds xC   ,     (7) 

where 

 

















































0011

0001

d2d2

d1

d1d22d11d22d1

mmm22m

K
L

K
L

K
RL

K
RLRL

K
L

K
LL

K
RL

K
K

LLLL

LLLL

RL

DsA ; 























 



00
00

0

0

d1

m

L

L

Ds K
L
K
L

B ;  
.

0  0   1-   1








DsDs

Ds

BB
C ; 

Let us introduce the following notations: 
SSFrRvDsFrRvDs AAAAAAA   ; 

SSFrRvDsFrRvDs CCCCCCC   ; 
FrFrFr BBB   ;  
RvRvRv BBB   ; DsDsDs BBB   . 

The following functions are the solutions to the vector-matrix differential 
equations (1), (4), (6):  

a) conversion phase Fr, positive half-wave (kTosc<t<tFr+): 
EDxx A  

FrSS
kTt kTtkTet SS )()()( oscosc

)( osc ;   (8) 
b) conversion phase Fr, negative half-wave ((k+1/2)T <t<tFr-): 

EDxx
A




FrSS

Tkt
TktTket SS ))

2
1(())

2
1(()( oscosc

))
2
1(( osc ; (9) 

c) conversion phase Rv, positive half-wave (kTosc+tFr+<t<(k+1/2)T ): 
EBDxx A  

RvFrSSFr
tkTt tsckTttkTet FrSS )o()()( osc

)( osc ;    (10) 
d) conversion phase Rv, negative half-wave ((k+1/2)Tosc+tFr+<t<kTosc): 




))
2
1(()( osc

))
2
1(( osc

Fr

tTkt
tTket FrSS xx

A

     
EBD  RvFrSS tTkt ))

2
1(( ;   (11) 

e) conversion phase Ds, positive half-wave ((k+nFrRv)·Tosc<t< 
<(k+1/2+nFrRv)·Tosc): 




)
2

)(()( osc
)

2
)(( osc Tnket FrRv

T
nkt FrRvSS xx

A
     

EBD  DsFrRvSS
Tnkt )
2

)(( osc ;    (12) 

f) conversion phase Ds, negative half-wave ((k+1/2+nFrRv)·Tosc<t< 
(k+1+nFrRv)·Tosc): 




)
2

)1(()( osc
)

2
)1(( osc Tnket FrRv

T
nkt FrRvSS xx

A
     

EBD  DsFrRvSS
Tnkt )
2

)1(( osc ,    (13) 

where 

EBxAx
.

  DsDs (t)(t) ;    (6) 
)()( tty Ds xC   ,     (7) 

where 

 

















































0011

0001

d2d2

d1

d1d22d11d22d1

mmm22m

K
L

K
L

K
RL

K
RLRL

K
L

K
LL

K
RL

K
K

LLLL

LLLL

RL

DsA ; 























 



00
00

0

0

d1

m

L

L

Ds K
L
K
L

B ;  
.

0  0   1-   1








DsDs

Ds

BB
C ; 

Let us introduce the following notations: 
SSFrRvDsFrRvDs AAAAAAA   ; 

SSFrRvDsFrRvDs CCCCCCC   ; 
FrFrFr BBB   ;  
RvRvRv BBB   ; DsDsDs BBB   . 

The following functions are the solutions to the vector-matrix differential 
equations (1), (4), (6):  

a) conversion phase Fr, positive half-wave (kTosc<t<tFr+): 
EDxx A  

FrSS
kTt kTtkTet SS )()()( oscosc

)( osc ;   (8) 
b) conversion phase Fr, negative half-wave ((k+1/2)T <t<tFr-): 

EDxx
A




FrSS

Tkt
TktTket SS ))

2
1(())

2
1(()( oscosc

))
2
1(( osc ; (9) 

c) conversion phase Rv, positive half-wave (kTosc+tFr+<t<(k+1/2)T ): 
EBDxx A  

RvFrSSFr
tkTt tsckTttkTet FrSS )o()()( osc

)( osc ;    (10) 
d) conversion phase Rv, negative half-wave ((k+1/2)Tosc+tFr+<t<kTosc): 




))
2
1(()( osc

))
2
1(( osc

Fr

tTkt
tTket FrSS xx

A

     
EBD  RvFrSS tTkt ))

2
1(( ;   (11) 

e) conversion phase Ds, positive half-wave ((k+nFrRv)·Tosc<t< 
<(k+1/2+nFrRv)·Tosc): 




)
2

)(()( osc
)

2
)(( osc Tnket FrRv

T
nkt FrRvSS xx

A
     

EBD  DsFrRvSS
Tnkt )
2

)(( osc ;    (12) 

f) conversion phase Ds, negative half-wave ((k+1/2+nFrRv)·Tosc<t< 
(k+1+nFrRv)·Tosc): 




)
2

)1(()( osc
)

2
)1(( osc Tnket FrRv

T
nkt FrRvSS xx

A
     

EBD  DsFrRvSS
Tnkt )
2

)1(( osc ,    (13) 

where 

;                 (9)

c) conversion phase Rv, positive half-wave 
(kTosc + tFr+ < t < (k + 1/2)Tк):

EBxAx
.

  DsDs (t)(t) ;    (6) 
)()( tty Ds xC   ,     (7) 

where 

 

















































0011

0001

d2d2

d1

d1d22d11d22d1

mmm22m

K
L

K
L

K
RL

K
RLRL

K
L

K
LL

K
RL

K
K

LLLL

LLLL

RL

DsA ; 























 



00
00

0

0

d1

m

L

L

Ds K
L
K
L

B ;  
.

0  0   1-   1








DsDs

Ds

BB
C ; 

Let us introduce the following notations: 
SSFrRvDsFrRvDs AAAAAAA   ; 

SSFrRvDsFrRvDs CCCCCCC   ; 
FrFrFr BBB   ;  
RvRvRv BBB   ; DsDsDs BBB   . 

The following functions are the solutions to the vector-matrix differential 
equations (1), (4), (6):  

a) conversion phase Fr, positive half-wave (kTosc<t<tFr+): 
EDxx A  

FrSS
kTt kTtkTet SS )()()( oscosc

)( osc ;   (8) 
b) conversion phase Fr, negative half-wave ((k+1/2)T <t<tFr-): 

EDxx
A




FrSS

Tkt
TktTket SS ))

2
1(())

2
1(()( oscosc

))
2
1(( osc ; (9) 

c) conversion phase Rv, positive half-wave (kTosc+tFr+<t<(k+1/2)T ): 
EBDxx A  

RvFrSSFr
tkTt tsckTttkTet FrSS )o()()( osc

)( osc ;    (10) 
d) conversion phase Rv, negative half-wave ((k+1/2)Tosc+tFr+<t<kTosc): 




))
2
1(()( osc

))
2
1(( osc

Fr

tTkt
tTket FrSS xx

A

     
EBD  RvFrSS tTkt ))

2
1(( ;   (11) 

e) conversion phase Ds, positive half-wave ((k+nFrRv)·Tosc<t< 
<(k+1/2+nFrRv)·Tosc): 




)
2

)(()( osc
)

2
)(( osc Tnket FrRv

T
nkt FrRvSS xx

A
     

EBD  DsFrRvSS
Tnkt )
2

)(( osc ;    (12) 

f) conversion phase Ds, negative half-wave ((k+1/2+nFrRv)·Tosc<t< 
(k+1+nFrRv)·Tosc): 




)
2

)1(()( osc
)

2
)1(( osc Tnket FrRv

T
nkt FrRvSS xx

A
     

EBD  DsFrRvSS
Tnkt )
2

)1(( osc ,    (13) 

where 

EBxAx
.

  DsDs (t)(t) ;    (6) 
)()( tty Ds xC   ,     (7) 

where 

 

















































0011

0001

d2d2

d1

d1d22d11d22d1

mmm22m

K
L

K
L

K
RL

K
RLRL

K
L

K
LL

K
RL

K
K

LLLL

LLLL

RL

DsA ; 























 



00
00

0

0

d1

m

L

L

Ds K
L
K
L

B ;  
.

0  0   1-   1








DsDs

Ds

BB
C ; 

Let us introduce the following notations: 
SSFrRvDsFrRvDs AAAAAAA   ; 

SSFrRvDsFrRvDs CCCCCCC   ; 
FrFrFr BBB   ;  
RvRvRv BBB   ; DsDsDs BBB   . 
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Let us introduce the following notations: 
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The following functions are the solutions to the vector-matrix differential 
equations (1), (4), (6):  
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e) conversion phase Ds, positive half-wave  
((k + nFrRv) ∙ Tosc < t < (k + 1/2 + nFrRv) ∙ Tosc):

The system of equations describing the processes 
occurring in the resonant circuit during the positive 
half-wave of the Fr conversion phase has the following 
vector-matrix form:

x(t) = AFr+ · x(t) + BFr+ · E;                       (1)
y(t) = CFr+ · x(t).                               (2)

The matrices of the coefficients of the system of 
equations are as follows:

)()()( d2 titity Lm  , the controlling variable is the number of voltage pulses in the 
loading phase nFrRv. The processes occurring in the resonant circuit are 
characterized with the state vector xT(t) = [iLd1(t) iLm(t) uCd1(t) uCd2(t)]. 

The system of equations describing the processes occurring in the 
resonant circuit during the positive half-wave of the Fr conversion phase has the 
following vector-matrix form: 

EBxAx   FrFr (t)(t) ;    (1) 
)()( tty Fr xC   .                                     (2) 
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The expression   RvRv BB  is also valid for the negative half-wave. 
The system of equations for the positive half-wave of the resonant current 

of the Ds conversion phase has the following vector-matrix form: 

,
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The expression   RvRv BB  is also valid for the negative half-wave. 
The system of equations for the positive half-wave of the resonant current 
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The expression   RvRv BB  is also valid for the negative half-wave. 
The system of equations for the positive half-wave of the resonant current 

of the Ds conversion phase has the following vector-matrix form: 

.

The expression BRv– = –BRv+ is also valid for the neg-
ative half-wave.
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Substituting actual parameters of the converter to the 
obtained expressions, one can calculate the adjustment 
and loading characteristics of the series-to-series RC by 
means of numerical simulation. To bring static charac-
teristics to the dimensionless form, the following coef-
ficients are introduced:

)(1
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)( t
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t
t
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SSSS ede AA IAD    ;   (14) 

 is the identity diagonal matrix. 
The average output current for the half-cycle of the circuit loading (Fr, Rv 

phases) can be calculated as follows: 
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The average output current for the negative half-cycle can be written as 

follows: 
EDC  11 )0()0( xyav . 

The average output current for the energy dissipation half-cycle of the (Ds 
phase) can be calculated in the following way: 
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The average output current in the negative half-cycle can be written as 
follows: 

EDC  22 )0()0( xyav . 
These expressions describe the electromagnetic processes in the power 

section of the series-to-series RC within one half-cycle. 
Substituting actual parameters of the converter to the obtained 

expressions, one can calculate the adjustment and loading characteristics of the 
series-to-series RC by means of numerical simulation. To bring static 
characteristics to the dimensionless form, the following coefficients are 
introduced: 
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I
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where m.maxI  is the maximum calculated output current. When charging a battery, 
this current must be equal to or greater than the rated charging current m.ratedI  
determined by the battery’s capacity. For example, a battery with the capacity of 

, 

where Im. max is the maximum calculated output current. 
When charging a battery, this current must be equal to or 
greater than the rated charging current Im. rated determined 
by the battery’s capacity. For example, a battery with the 
capacity of 2500 mA/h corresponds to Im. rated = 2500 mA. 
The voltage at the battery terminals most often varies 
within qE = 0.5...0.7 from the source voltage [5].

Fig. 4 demonstrates the groups of adjustment char-
acteristics of a series-to-series RC with an air gap of 
250 mm (a) and 45 mm (b). 
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Let us introduce the following notations: 
SSFrRvDsFrRvDs AAAAAAA   ; 

SSFrRvDsFrRvDs CCCCCCC   ; 
FrFrFr BBB   ;  
RvRvRv BBB   ; DsDsDs BBB   . 

The following functions are the solutions to the vector-matrix differential 
equations (1), (4), (6):  

a) conversion phase Fr, positive half-wave (kTosc<t<tFr+): 
EDxx A  

FrSS
kTt kTtkTet SS )()()( oscosc

)( osc ;   (8) 
b) conversion phase Fr, negative half-wave ((k+1/2)T <t<tFr-): 

EDxx
A




FrSS

Tkt
TktTket SS ))

2
1(())

2
1(()( oscosc

))
2
1(( osc ; (9) 

c) conversion phase Rv, positive half-wave (kTosc+tFr+<t<(k+1/2)T ): 
EBDxx A  

RvFrSSFr
tkTt tsckTttkTet FrSS )o()()( osc

)( osc ;    (10) 
d) conversion phase Rv, negative half-wave ((k+1/2)Tosc+tFr+<t<kTosc): 




))
2
1(()( osc

))
2
1(( osc

Fr

tTkt
tTket FrSS xx

A

     
EBD  RvFrSS tTkt ))

2
1(( ;   (11) 

e) conversion phase Ds, positive half-wave ((k+nFrRv)·Tosc<t< 
<(k+1/2+nFrRv)·Tosc): 




)
2

)(()( osc
)

2
)(( osc Tnket FrRv

T
nkt FrRvSS xx

A
     

EBD  DsFrRvSS
Tnkt )
2

)(( osc ;    (12) 
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Let us introduce the following notations: 
SSFrRvDsFrRvDs AAAAAAA   ; 

SSFrRvDsFrRvDs CCCCCCC   ; 
FrFrFr BBB   ;  
RvRvRv BBB   ; DsDsDs BBB   . 

The following functions are the solutions to the vector-matrix differential 
equations (1), (4), (6):  

a) conversion phase Fr, positive half-wave (kTosc<t<tFr+): 
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c) conversion phase Rv, positive half-wave (kTosc+tFr+<t<(k+1/2)T ): 
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e) conversion phase Ds, positive half-wave ((k+nFrRv)·Tosc<t< 
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f) conversion phase Ds, negative half-wave ((k+1/2+nFrRv)·Tosc<t< 
(k+1+nFrRv)·Tosc): 




)
2

)1(()( osc
)

2
)1(( osc Tnket FrRv

T
nkt FrRvSS xx

A
     

EBD  DsFrRvSS
Tnkt )
2

)1(( osc ,    (13) 

where 

;           (12)

f) conversion phase Ds, negative half-wave  
((k + 1/2 + nFrRv) ∙ Tosc < t < (k + 1 + nFrRv) ∙ Tosc):
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Let us introduce the following notations: 
SSFrRvDsFrRvDs AAAAAAA   ; 

SSFrRvDsFrRvDs CCCCCCC   ; 
FrFrFr BBB   ;  
RvRvRv BBB   ; DsDsDs BBB   . 

The following functions are the solutions to the vector-matrix differential 
equations (1), (4), (6):  

a) conversion phase Fr, positive half-wave (kTosc<t<tFr+): 
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b) conversion phase Fr, negative half-wave ((k+1/2)T <t<tFr-): 
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c) conversion phase Rv, positive half-wave (kTosc+tFr+<t<(k+1/2)T ): 
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e) conversion phase Ds, positive half-wave ((k+nFrRv)·Tosc<t< 
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f) conversion phase Ds, negative half-wave ((k+1/2+nFrRv)·Tosc<t< 
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Let us introduce the following notations: 
SSFrRvDsFrRvDs AAAAAAA   ; 

SSFrRvDsFrRvDs CCCCCCC   ; 
FrFrFr BBB   ;  
RvRvRv BBB   ; DsDsDs BBB   . 

The following functions are the solutions to the vector-matrix differential 
equations (1), (4), (6):  

a) conversion phase Fr, positive half-wave (kTosc<t<tFr+): 
EDxx A  

FrSS
kTt kTtkTet SS )()()( oscosc

)( osc ;   (8) 
b) conversion phase Fr, negative half-wave ((k+1/2)T <t<tFr-): 
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c) conversion phase Rv, positive half-wave (kTosc+tFr+<t<(k+1/2)T ): 
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e) conversion phase Ds, positive half-wave ((k+nFrRv)·Tosc<t< 
<(k+1/2+nFrRv)·Tosc): 
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f) conversion phase Ds, negative half-wave ((k+1/2+nFrRv)·Tosc<t< 
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phases) can be calculated as follows: 

; ])()([2)(2)0(
2/

0

2/

0
 

osc

Fr

Frosc T

t

t

SS
osc

T

av dttdtt
T

dtty
T

y xxC    (15) 

,)0()0( 11 EDC  xyav           (16) 

where         )2/()(2
11 FroscSS

t
FrSSSS

osc

tTet
T

FrSS  DDCC A ;      (17) 

  
FrFrSSFroscSSFrFrFrSSSSSS

osc

ttTtIt
T

)()2/(])([2
1111

1
1 DDDACD

  RvFroscFroscSSSS tTItT BDA   )2/()2/(1 .        (18) 
The average output current for the negative half-cycle can be written as 
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The average output current in the negative half-cycle can be written as 
follows: 
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These expressions describe the electromagnetic processes in the power 
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Substituting actual parameters of the converter to the obtained 
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where m.maxI  is the maximum calculated output current. When charging a battery, 
this current must be equal to or greater than the rated charging current m.ratedI  
determined by the battery’s capacity. For example, a battery with the capacity of 
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These expressions describe the electromagnetic pro-
cesses in the power section of the series-to-series RC 
within one half-cycle.

Fig. 4. Adjustment characteristics of a series-to-series RC:
a — with an air gap of 250 mm; b — 45 mm;
1 — qE = 0.8; 2 — qE = 0.7; 3 — qE = 0.6; 4 — qE = 0.5

2500 mA/h corresponds to 2500m.rated I mA. The voltage at the battery terminals 
most often varies within 7,05,0Eq  from the source voltage [5]. 

Fig. 4 demonstrates the groups of adjustment characteristics of a series-to-
series RC with an air gap of 250 mm (a) and 45 mm (b).  
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The adjustment characteristics at the gap of 250 mm are virtually linear, 

whereas at 45 mm they acquire a nonlinearity in the area of small values of nFrRv. 
The output current is substantially affected by the load’s anti-EMF. The 
dependence of the output current on the magnitude of the anti-EMF is more 
clearly illustrated by the group of curves shown in Fig. 5. 
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ments of the resonant circuits, the size of the air gap of 
the converter, the source and load parameters. The ob-
tained dependences can be applied to calculate the ad-
justment and load characteristics of a series-to-series RC 
by means of numerical simulation with regard to actual 
parameters of the converter. 

The adjustment characteristics at the gap of 250 mm 
are virtually linear, whereas at 45 mm they acquire a non-
linearity in the area of small values of nFrRv. The output 
current is substantially affected by the load’s anti-EMF. 
The dependence of the output current on the magnitude 
of the anti-EMF is more clearly illustrated by the group 
of curves shown in Fig. 5.

The converter has the properties of a constant voltage 
source. For battery charging, it must be designed with 
the average output current being equal to   at the maxi-
mum anti-EMF load and control value. With an air gap 
close to zero, the characteristics of the series-to-series 
RC will be similar to those of the series RC with relay 
 control [1].

CONCLUSIONS. The article analyzes the electro-
magnetic processes in the power section of a series-to-
series resonant converter for contactless inductive ener-
gy transfer. The processes are presented by dividing the 
conversion half-cycles into the transformation phases. 
Upon solving the vector-matrix systems of equations 
describing the electromagnetic processes in the power 
section of the RC for WIET, it was possible to obtain an 
analytical expression for the average output current of 
the converter. It depends on the parameters of the ele-
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