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Abstract: 
            This paper presents an LLC resonant DC-DC converter operating at a frequency above the resonant frequency. Based on 
a study using the first harmonic method, the main dependencies for the currents through the power devices have been 

determined. The load characteristics of the converter have been constructed. A methodology for its design has been proposed. 

The influence of the ratio of inductances in the resonant circuit of the resonant converter on the obtained load characteristics has 

been studied. 
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I. INTRODUCTION 
LLC resonant DC-DC converters are widely used in 

practice for power supplies of lasers, fluorescent lamps, 

welding machines, and also in photovoltaic applications 
[4], [6], [7], [8]. These resonant converters can operate 

in the entire load range – from no-load to short circuit, 

which is why they are most often preferred, as they 
provide maximum efficiency while maintaining the 

conditions for soft commutation of the inverter power 

devices [1], [3], [9]. 

Many authors [4], [6], [7], [8] recommend the use 

of such converters when connecting them to 

photovoltaic panels. As a result of the theoretical 

study of these converters [5], [6], [9], equations for 

the output and load characteristics were obtained, a 

methodology for designing the converter was 

proposed, and the influence of inductances in the 

oscillating circuit of the resonant converter was 

studied at different ratios a=3.0 and a=9.0, which 

are some of the most commonly used in practice. 

 

 

II. CONVERTER ANALYSIS 

The schematic of the LLC resonant DC-DC 

converter is presented in Fig.1. It is composed of an 

inverter (managed switches S1÷S4 with reverse 

diodes D1÷D4), resonant circuit (L1, L2 и C), 

uncontrollable rectifier (D5÷D8), capacitive filter 

(CF) and load resistor (R0). It is assumed that only 

the first harmonics of the voltages and currents 

operate in the circuit and all elements in the circuit 

are ideal (no losses are generated in them), the 

power devices are switched instantaneously, and the 

ripples of the supply Ud and output U0 voltages are 

negligibly small. 

 

Figure 1. LLC resonant DC-DC converter 
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Figure 2. Resonant circuit 

In this work the following notations are adopted: 

dUUU /0

'

0 = - normalized output voltage; 

)//( 00

'

0 ρdUII = - normalized output current; 

)//( 0

' ρddd UII = - normalized input current; 
'

0

'

000

'

0 // IURR == ρ - normalized load parameter; 

( ) CLL /210 +=ρ - characteristic impedance of 

the oscillating circuit; 

12 / LLa = - ratio between the two inductances L1 

and L2 in the oscillating circuit; 

)//( 0

2

00

'

0 ρdUIUP = - normalized output power; 

0/ ωων s= - frequency detuning of the oscillating 

circuit; 

sω - converter operating frequency; 

( )aCL += 1/1 10ω - resonant frequency of the 

oscillating circuit. 

When analyzing the essence of the converter, it is 

assumed that the two circuits of the resonant circuit 

are equivalent, then according to the method of loop 

currents, the following system of equations is 

compiled [2]: 
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After formal transformations, the following 

expression for the voltage 
2U&  is obtained: 
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The impedances of the coils and the capacitor of 

the resonant circuit should be replaced with their 

equivalent equations: 

νρω .//1 01 jCjZ == ; 

012 .. ρνω jLjZ == ;             (3) 

    ajZaLjZ .... 0223 ρνω === .                                

 

After substituting the impedances (3) into 

formula (2) and some mathematical transformations, 

we obtain:
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The vector diagram of the voltages from the 

resonant circuit has the following form: 
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Figure 3. Vector diagram of voltages 

For the resulting vector diagram (in the form of a 

right triangle) the Pythagorean theorem is valid: 

 

( )
( )( ) ( )( )

2

22

2

1

2

22

22

2

02

2
1.1.

)1.(..

1.1.

.1...









+−−+

+
=









+−−+

−+
+

aaa

aaU

aaa

Iaa
U

νν

ν

νν

νρν &&
&         (5) 

 

After some modifications, it is obtained: 
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where: 

dUU .
2.2

1
π

=&  

022 .
2.2

II
π

=&                                        (7) 

02 .
2.2

UU
π

=&  

By substituting the dependencies (7) into (6) in 

relative units, the expression is obtained: 
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The last expression (8) defines the equation of the 

desired output characteristics ( )aIfU ,,'

0

'

0 ν= . 
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From equation (8) the equation for the regulation 

characteristics can be obtained, for which purpose 

the output current 
0I  is expressed in terms of the 

output voltage 
0U  and the load resistance 

0R . As a 

result, the equation is obtained: 
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where '

0R  is a normalized value for the resistance 

of the load resistor. 

The output power of the converter in relative 

units can be expressed from the equation for the 

output characteristics, after its multiplication by '

0I : 
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At a set value of ν  the function ),,( '

0

'

0 aIfP ν=  

has a maximum at: 
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The relative resistance of the resistor in which the 

maximum power is dissipated is: 
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For the effective value of the current through the 

coil of the resonant circuit, the expression is 

obtained: 
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The average values of the currents through the 

rectifier diodes are determined based on the output 

current, taking into account that each of them 

conducts one half-cycle: 
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Figure 4. Waveforms of the inverter voltages and 

current 

 

From the above it follows that the normalized 

average values of the currents through the 

controlled switches are determined as follows: 
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Similarly for the currents through the antiparallel 

diodes we get: 
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Then the normalized average value of the current 

consumed by the power source is: 
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Figure 5. Dependences of converter voltage on 

output current

 
Figure 6. Dependences of converter power on 

output current 

 
Figure 7. Dependences of converter current on 

output current 

 
Figure 8. Dependences of the average values of 

the currents through the controlled switches on the 

output current 

 
Figure 9. Dependences of the average values of 

the currents through the reverse diodes on the 

output current 
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Figure 10. Dependencies of the average values of 

the current consumed by the power source 

 
Figure 11. Dependences of converter voltage on 

output current 

 
Figure 12. Dependences of converter power on 

output current 

 
Figure 13. Dependences of converter current on 

output current 

 
Figure 14. Dependences of the average values of 

the currents through the controlled switches on the 

output current 

 
Figure 15. Dependences of the average values of 

the currents through the reverse diodes on the 

output current 
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Figure 16. Dependencies of the average values of 

the current consumed by the power source 

 

The output characteristics presented in Fig. 5 and 

Fig. 9 make it clear that when the converter is 

operated above its resonant frequency with 

increasing operating frequency, the short-circuit 

current increases and the open-circuit voltage 

decreases. Also, the characteristics intersect and are 

inherent to a current-limited voltage source. In 

addition, it is seen that the open-circuit voltage and 

short-circuit current are different at a=3.0 and 

a=9.0, and the same applies to the other 

characteristics demonstrated in Figures 10÷16. 

The obtained characteristics for the output power 

of the studied converter are given in Fig. 6 and Fig. 

12 and show that when the converter operates 

above its resonant frequency 3,11,1 −=ν  with 

increasing operating frequency, the short-circuit 

current increases, and the output power decreases to 

frequency detuning 3,1=ν . When increasing ν  

above 1.3, it is seen that the output power increases 

with increasing short-circuit current. 

Based on equation (14), Fig. 7 and Fig. 13 

present normalized dependences of the converter 

current on the output current, obtained for the 

parameter a=3.0 and a=9.0 and different values of 

the frequency detuning 0,1>ν . Identical in shape 

characteristics are obtained with a clearly 

pronounced maximum, which with an increase in 

the frequency detuning shifts to the end of the 

coordinate system. In addition, the converter 

current always has a value other than zero for the 

entire range of load changes. Moreover, with 

frequency detuning 1,1=ν , the current through the 

converter can have a significant value, even with a 

small output current. Therefore, in this case, 

significant losses will also be observed in the 

studied converter. 

Based on equation (16) in Fig. 8 and Fig. 14 are 

demonstrated the normalized functions of the 

average values of the currents through the 

controlled switches of the inverter from the output 

current, obtained at a=3.0 and a=9.0 for different 

values of the frequency tuning 0,1>ν . From the 

characteristics it is seen that the average values of 

the currents through the controlled switches for the 

entire load range have non-zero values. On the 

other hand from 1,1=ν , at the average value of the 

current through the controlled switches can be 

significant, thus increasing the losses. 

Based on equation (17), Fig. 9 and Fig. 15 show 

normalized dependences of the average values of 

the currents through the inverter's reverse diodes on 

the output current, obtained at a=3.0 and a=9.0 at 

different values of the frequency tuning 0,1>ν . The 

figures show that with increasing frequency 

detuning 6,11,1 ÷=ν  the characteristics become 

similar and have a minimum, which with increasing 

frequency detuning is shifted towards the end of the 

coordinate system. In addition, the current through 

the inverter's reverse diodes always has a non-zero 

value for the entire range of load changes. 

Moreover, with frequency detuning 6,1=ν  the 

current through the inverter's reverse diodes can 

have a significant value, even with a small output 

current. 

Based on equation (18), Fig. 10 and Fig. 16 show 

normalized dependences of the average values of 

the current consumed by the power source, obtained 

at a=3.0 and a=9.0 at different values of the 

frequency detuning 0,1>ν . The characteristics show 

that with increasing operating frequency 3,11,1 ÷=ν , 

the short-circuit current increases, and the current 

consumed by the power source decreases. With 

increasing operating frequency for 6,14,1 ÷=ν , the 
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short-circuit current and the current consumed by 

the power source increase. 

 

III. DESIGN OF LLC RESONANT DC-DC 

CONVERTER 

When designing the considered resonant DC-DC 

converter, the following parameters are usually set: 

output power P0, output voltage U0 and operating 

frequency f. If it is assumed that the efficiency 

coefficient of the inverter is equal to unity, the 

parameters of the power source are: 
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The values of the switching elements L1, C and L2 

are determined by the expressions for the maximum 

output power and the detuning of the resonant 

circuit: 

 

( )
( ) ( )

C

aL

U

aaa

aa
P d

+−+−−+

+
=

1.
.

1).1..(

1..

1

2

2222

3

0
νννπ

ν  (21) 

 

( )aCLf += 1.....2 1πν        (22) 

 

Then for L1, C and L2 the following dependencies 

are obtained: 
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IV.CONCLUSION  

In this article, a study of an LLC resonant DC-

DC converter using the first harmonic method, 

operating at frequencies above the resonant 

frequency, has been carried out. Based on this study, 

the main dependencies for the currents through the 

power devices of the inverter have been determined. 

The load characteristics of the converter have been 

constructed and a methodology for its design has 

been proposed. The influence of the ratio of the two 

inductances in the resonant converter's oscillating 

circuit has been studied at ratios a=3.0 and a=9.0, 

which are some of the most commonly used ratios 

in practice. 
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