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Abstract – A state plane analysis of high-voltage resonant 
DC/DC converter, operating above the resonant frequency, is 
presented. The parasitic parameters of the matching transformer 
are taken into account during the study. The possible operating 
modes of the converter are defined, according to the 
commutation time of the rectifier diodes. The control 
characteristics are obtained. In the plane of these characteristics 
the boundary curve between the particular modes is shown, as 
well as the area of soft commutation of the transistors. The 
results from the analysis are compared with these from computer 
simulations of the converter with OrCAD PSpice. 
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I. INTRODUCTION 

The resonant DC/DC converters have been proved as a 
proper choice in the high-voltage power supplies design [1], 
[2]. The LCC topology is one of the most suitable for these 
applications [2]÷[4]. One of the reasons is the possibility of 
operation in the whole loading range – from no-load to short 
circuit, preserving the soft commutation conditions of the 
switching devices. Another important advantage of these 
converters is the opportunity to implement the high-voltage 
matching transformer parasitic parameters (leakage 
inductance and winding capacitance) in the resonant tank [4]. 

The rectifier diodes commutations are not instantaneous, 
because of the capacitance which is parallel to the input of the 
rectifier. Usually this circumstance is neglected [5]. A study 
of the possible operating modes of LCC resonant DC/DC 
converter is proposed in [6] and [7], where the transformer’s 
parasitic parameters are taken into account. As a result the 
output characteristics of the converter are obtained. 

The aim of the present paper is to extend the analysis for 
the control characteristics area of the LCC resonant DC/DC 
converter. The boundary curve between the operating modes 
and the region of soft commutation of the transistors are 
obtained as an addition. An OrCAD PSpice simulation is used 

to achieve accuracy verification of the proposed analysis. 

II. CONVERTER OPERATING MODES 

The circuit of the considered resonant converter is shown 
on Fig. 1. It consists of full-bridge inverter (transistors Q1÷Q4 
with freewheeling diodes D1÷D4), resonant circuit (L, LT, C 
and CT), high-voltage transformer (Tr) and uncontrollable full-
bridge rectifier (D5÷D8). Snubber capacitors (C1÷C4), which 
provide zero voltage switching (ZVS), are connected in 
parallel with the transistors. Filter capacitors (CF1 and CF2) are 
connected to both the input and output of the converter. 

The output power control is achieved by a change of the 
operating frequency, which is higher than the resonant one. 

All circuit elements (without the matching transformer) are 
assumed to be ideal; the input and output voltage ripples are 
neglected, as well as the influence of the snubbers. 

The transformer is shown on Fig. 1 with its simplified 
equivalent circuit, provided that the magnetizing current of 
each transformer is negligible to the resonant tank current. In 
such case Tr is comprised by its full leakage inductance LT 
and the windings capacitance CT, referred to the primary side, 
as well as an ideal transformer with turns ratio k. 

The leakage inductance LT is connected in series with the 
inductance of the resonant circuit L and can be regarded as 
part of it. With the capacitances CT the resonant tank becomes 
of third order (L, C and CT). 

The inverter’s output voltage (ua) polarity changes 
immediately, because the snubber capacitors are not taken into 
account. But the presence of capacitance CT makes the 
commutations in the input voltage of the rectifier (ub) non-
instantaneous. They start when a diode pair (D5/D7 or D6/D8) 
stops conducting at the moments of zeroing the current 
through the resonant circuit (i) and end up when the other 
diode pair (D6/D8 or D5/D7) starts conducting, while the 
capacitor CT recharges from +U0/k to –U0/k or backwards. 
During these commutations none of the rectifier diodes 
conducts and the resonant current flows through the 
capacitance CT. 

When the load and/or the switching frequency are deeply 
changed, two different operating modes of the converter could 
be observed. 

Characteristic of the first one is that the commutations in 
the rectifier occur entirely in the conducting intervals of the 
transistors. This is the main operating mode of the converter 
and is observed at comparatively small values of the load 
resistor R0. 

We have the second case when the converter is very close 
to no-load regime. Than the commutations in the rectifier 
complete after these of the inverter, i.e. the rectifier diodes 
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start conducting after the corresponding inverter diodes are 
forward-biased. This mode is called boundary. 

III. STATE PLANE ANALYSIS 

All parameters are presented in relative units, as follow: 

dCmCm UUU =′  - peak value of the voltage drop across the 
capacitor C; 
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′ =  - output voltage; 
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U
′ =  - output current; 

0ωων =  - normalized switching frequency 
where ω is the operating frequency of the converter, 

LC10 =ω  is the resonant frequency and CLZ =0  is the 
characteristic impedance of the resonant tank L-C. 
Coefficients CCa T=  and ( ) aan 1+=  are also used. 

The normalized load resistance is expressed as: 

 2
0 0 0 0 0R U I R k Z′ ′ ′= =  (1) 

As proposed in [6], the work of the converter in the main 
operating mode could be illustrated by a state plane trajectory 
with axes ( )IyUx C ′=′= ; , shown on Fig. 2. Each operating 
period is divided into six consecutive intervals: 1, 3, 4 and 6 – 
conduction of transistors, 2 and 5 – conduction of the inverter 
reverse diodes, 3 and 6 – rectifier diodes commutation. 

The times of these intervals for half a period could be 
expressed using the coordinates of points M1, M2 and the 
resonant frequency ω0, by Eqs. (2)÷(7). Note that for t3 
(commutation time of the rectifier diodes) C and CT are 
connected in series. Thus the resonant frequency is 
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Fig. 1. Scheme of the high-voltage resonant DC/DC converter 
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Fig. 2. State plane trajectory for the main operating mode 
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The used coordinates represent the initial values of the 
resonant current (yi) and the voltage drop across the capacitor 
C (xi) for the particular interval (in relative units): 

 01 2 UaUx Cm ′+′−=  (8) 

 ( )14 001 +′−′′= UaUUay Cm  (9) 

 2
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The equation for the output current of series resonant 
converter is known [8]: π′ν=′ CmUI 20 . But in this case, 

0 0I ′ =  during the commutations in the rectifier, because of the 
persistence of the parallel capacitance CT, so the value is: 

 ( ) π′−′ν=′∆−π′ν=′ 000 22 UaUIUI CmCm  (12) 

The way for determination of the coordinates of the points 
Mi and the time intervals (t1÷t3) for the boundary operating 
mode of the converter is quite similar. Detailed analysis for 
this case is given in [7]. 

IV. CONTROL CHARACTERISTICS AND BOUNDARY 
CURVES 

Using Eqs. (1) and (12), Uʹ Cm can be submitted in function 
of Uʹ 0, ν, Rʹ 0 и a: 

 0
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=′  (13) 

By Eq. (13) Uʹ Cm is eliminated from Eqs. (8)÷(11). Next 
steps are consecutive substitution of Eqs. (8)÷(11) in Eqs. (2)
÷(7) and after that Eqs. (2)÷(7) in: 

 ( )0 1 2 3t t tπ ω
ν

= + +  (14) 

Solving Eq. (14), a function ( )0 0, ,U f a Rν′ ′= , which 
represents the control characteristics of the converter for the 
main operating mode, could be obtained. The procedure for 
the boundary mode is the same, only the equations for (xi; yi) 
and ti have to be used from [7]. 

The control characteristics of LCC resonant DC/DC 
converter with capacitors ratio 1,0a = , for different values of 
Rʹ 0, are shown on Fig. 3. Dashed curves correspond to the 
boundary mode and continuous – for the main mode. 

In the main operating mode the rectifier commutations 
(intervals 3 and 6) have to complete before the inverter 
commutations begin. This is true if the statement 21 xx ≤  is 
fulfilled. Expressed by Eqs. (8), (10) and (13), the next 
inequality is received: 
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To ensure the soft switch-on of the transistors at zero 
voltage (ZVS), the inverter commutations (points M2 and M5) 
have to complete before zero crossing of the resonant current. 
If this is not fulfilled, the switching-off of one the transistor 
pairs doesn’t lead to soft switch-on of the other pair at zero 
voltage and the converter stops working. This is covered by 
the statement CmUx ′<2 , which expressed by Eqs. (10) and 
(13) leads to the inequality: 
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Eqs. (15) and (16) provide the possibility to plot the 
boundary curve between the main and the boundary modes 
(curve A) in the control characteristics plane (Fig. 3), as well 
as the curve of the soft commutation (curve B). These curves 
define the area of each operating mode of the converter. 

V. SIMULATING RESULTS 

In order to prove the obtained theoretical results a transistor 
LCC resonant DC/DC converter, operating above the resonant 
frequency, was designed using the methodology proposed in 
[9]. Its input parameters are: 

- output power 0 3P kW=  ; 
- output voltage 0 150U V=  ; 
- operating frequency 100f kHz=  ; 
- supply voltage 300dU V=  ; 
- 1,0a = ; 1k = . 
The chosen nominal operating point is at 1,15ν = . Than 

the following values for the elements of the resonant tank are 
obtained: 72,577L Hµ=  ; 46,157C nF=  ; 46,157TC nF=  . 

A PSpice simulation of the designed converter was made 
for different combinations of [ ]1,2;ν =  1,3; 1,5; 1,8  and 

[ ]0 0,5; 100R′ =  1,0; 2,0; 3,0; 10;  (in real units corresponds to 

[ ]0 19,83;R =  39,65; 79,31; 118,96; 396,53; 3965,32  Ω ). The 
PSpice model circuit is shown on Fig. 4. 
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Fig. 3. Control characteristics of LCC resonant DC/DC converter 
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The measured values of the output voltage (converted in 
relative units) are shown with points on Fig. 3. The results 
from the simulation together with these, obtained following 
the suggested methodology, are presented in Table I. The 
correspondence between the results is very good – the relative 
error is below 2%. It can be noticed that the error increases 
with the increase of the load resistor or the normalized 
switching frequency. 

TABLE I 
COMPARISON BETWEEN THE THEORETICAL AND SIMULATION RESULTS 

 Simulation Theory Error 
Rʹ 0 ν Uʹ 0 Uʹ 0 δ, [%] 

0,5 

1,2 1,044 1,044 0,049 
1,3 0,715 0,715 -0,026 
1,5 0,402 0,404 -0,434 
1,8 0,233 0,236 -1,214 

1,0 
1,3 1,422 1,422 -0,008 
1,5 0,743 0,746 -0,505 
1,8 0,383 0,388 -1,303 

2,0 1,5 1,322 1,331 -0,671 
1,8 0,564 0,573 -1,443 

3,0 1,5 1,800 1,815 -0,808 
1,8 0,669 0,679 -1,513 

10 1,8 0,886 0,900 -1,577 
100 1,8 0,992 1,004 -1,204 

VI. CONCLUSION 

A high-voltage LCC resonant DC/DC converter with 
capacitive output filter have been studied. It operates above 
the resonant frequency. In the proposed analysis the parasitic 
parameters of the matching transformer are taken into 
account. Typical operating modes of the converter are 
considered, according to the commutation time of the rectifier 
diodes. The control characteristics for each operating mode 
are obtained. The boundary curve between the modes, as well 
as the area of soft commutation of the transistors are presented 
in the plane of these characteristics. 

The results of the theoretical study are compared with these 
of computer simulation using the software product OrCAD 
PSpice. The error between the obtained results is very small, 
less than 2%, which confirms the accuracy of the proposed 
methodology. 

The described investigation can be used for designing LCC 
converter power supplies for microwave magnetrons, laser 
tubes, fluorescent lamps, etc. It is suitable especially for 
applications where a wide range of load changing is needed. 
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Fig. 4. PSpice simulation circuit of the designed LCC resonant DC/DC converter 
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