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Abstract: Serial resonant bridge converter commonly used in process of induction heating on metal materials. In these ap-

plications during the heating process, the converter load equivalent electrical parameters are changed. This contributes to 

the transferred power from the converter to the induction device to change. In this paper with mathematical analysis are 

determined the quantities from which depends the active power of the resonant converter. Derived is an equation that gives 

the dependence of the active power from the phase angle between the voltage and current the converter as and from the duty 

cycle. This equation can be used in control methods to maintain maximum convertor power transfer. 
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1. Introduction    

In power converters of interest is that the power transferred from 

the converter on the load to be maximal. Often due to the change in 

the parameters of the output circuit of the converter, this power is 

not always maximal [1], [2], [3]. To maintain maximum transferred 

power from the converter to the load is needed knowledge of the 

parameters that affect the power. Independent of the type of process 

controlled by the converter, motor drive or induction device, etc., 

causes leading to a reduction in the transferred power are related to 

increasing the phase difference between the voltage and the current 

of the converter as well the deviation of duty cycle of value 0.5. The 

change in the phase difference is caused by the change of parame-

ters (inductance, resistance, and capacitance) of the output circuit of 

the converter. To changing the duty cycle on the output voltage of 

the converter comes as a result of the need to change the effective 

value of the output voltage, with target to controlling the output 

power of the converter. The change on the phase difference leads to 

an increase in reactive power and a reduction in the active power of 

the converter. Reduction of the duty cycle from 0.5 increases the 

harmonic distortion of the output voltage and current of the con-

verter. Both reasons reduced the output active power and efficiency 

of the converter [4], [5], [6] [7].  

In this paper with mathematical analysis are determines the quan-

tities from which depends the active power of the resonant convert-

er. Derived is an equation which gives the dependence of the active 

power from the phase angle between the voltage and current the 

converter as and from the duty cycle. 

 

2. Impact on Phase Difference and Duty Cycle at Se-

rial Resonant Bridge Converter 

Serial the resonant converter is normally used in the devices for 

induction heating [1], [2]. In Fig. 1 is shown the electrical scheme 

of this converter with output load: R = 0.24 Ω, C = 26,6 μF and 

L = 26,5 μH [8]. In Fig. 2 are shown the output voltage and current 

waveforms in the more usual above-resonance mode of operation. 

In induction heating/melting and similar applications the heated 

workpiece equivalent electrical parameters are part of the resonant 

circuit. As the work-piece temperature increases, its equivalent 

resistance and inductance change, thus changing the circuit resonant 

frequency. Consequently, the deviation of the switching frequency 

from the resonant one is also changed, which results in undesired 

change of output power. 

 
Fig. 1 Serial resonant bridge converter topology in mode of induction de-

vice. 

The typical R and L change during metal-piece induction melting 

is in the range of 50%. These real values are used as an example in 

the following examination giving the values for the resonant fre-

quency ω0 = 37665 rad/s, f0 = 5998 Hz [9], [10]. 

 

Fig. 2 Output voltage and current waveforms in above-resonance mode. 

The mode of induction heating changes the value of the re-

sistance and inductance of the resonant circuit of the converter. This 

leads to a change in the phase difference between the current and 

the voltage of the converter and the change of the output power.  

In Table I are given the values on the switching frequency fsw , 

output voltage Uo, output current Io, output power Po and phase 

difference φ for chance on the resistance and the inductance for 

20 %, i.e.: change on R from 0.24 Ω on 0.29 Ω, and change on L 

from 26.5 μH on 31.5 μH. 

To visualize this rather strange dependence, Fig. 3 gives 

PowerSim simulation results of steady state for several values of the 

switching frequency below and above resonance [9].  
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Table I: Values of the output converter parameters for changes of resistance 

and inductance for 20% 

L 

[μH] 

R 

[Ω] 
i 

[о] 

fsw 

[kHz] 

Io 

[A] 

Uo 

[V] 

Po 

[kVA] 

26,5 0,24 5,00 6.27 208 56 10,7 

31,5 0,29 31,34 6.27 145 56 6,16 
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Fig. 3 Steady state voltage and current waveforms below and above 

resonance (R = 0.24 Ω, L = 26.5 μH, C = 26.6 μF and Q = 4). 

 

From Table I can be seen that the change in the inductance and the 

resistance for 20 %, changes the phase angle for 16 % and reduces 

the output power for 42 %. 

The current waveform for fs = 0.5·f0 shows that is very much 

distorted deep below resonance, the first harmonic is no longer 

dominant, which reflects to the amount of active power transferred 

to the load. This explains  why below-resonance mode of power 

control was less desirable. The first diagram in the Fig. 3 for fs = 0,5 

f0 shows that phase difference gets zero values every time the 

switching period Ts is multiple of the resonant one To, in this case Ts 

= 2 To. 

The general conclusion from Fig. 3 is that when switching fre-

quency fs is different from resonant frequency fo the harmonic dis-

tortion of the output current are increased. 

In Table II are given the values on output voltage Uo, output cur-

rent Iout , output power Pout for change on convertor duty cycle. 

Table II: Values of the output converter parameters for changes of the duty 

cycle 

L 
[μH] 

 R 
[Ω] 

 
[о] 

fs 
[kHz] 

D Io 
[A] 

Uo 
[V] 

Po 
[kVA] 

26,5 0,24 5,00 6.27 0.5 208 56 10,7 

26,5 0,24 5,00 6.27 0.4 187 56   8.5 

26,5 0,24 5,00 6.27 0.3 125 56   3.8 

26,5 0,24 5,00 6.27 0.2 43 56  0.45 

From Table II can be seen that the change on the duty cycle D 

significantly reduces the output power Po. Changing the duty cycle 

to 0.1 from optimal value 0.5 causes a change on the power for 

21 %. Larger changes in the duty cycle D causes significant changes 

on the power Po. 

Also, the change in the duty cycle causes an increase in the har-

monic distortion of the output voltage. In the Fig. 4 is shown har-

monic specter for the output voltage of the converter for duty cycle 

0.5 and 0.2. 

From Fig. 4a can be see that for duty cycle 0.5 the first harmonic 

(on frequency 6.027 kHz) has the highest value and for duty cycle 

0.2, the highest value has third harmonic, Fig. 4b. 

 

            a) 

 

            b) 

Fig.4 Harmonic specter of the output converter voltage: a) for duty cycle 0.5 

and b) for duty cycle 0.2. 

The general conclusion from Fig. 4 is that for less duty cycle 

D < 0.5 the harmonic distortion of the output voltage increases. 

 



3. Determination on the active power from phase dif-

ference and duty cycle 

The output active power of the serial resonant converter is de-

termine as [2], [3]: 

PFIUPo oo         (1) 

In (1) Uo is the effective value on the output voltage, Io is effec-

tive value on the output current, and PF is power factor of the con-

verter. 

In a converter that generates a voltage with a square waveform at 

the output, the power factor of the converter is defined as: 

DPFDFDFPF iu     (2) 

In (2) DFu is a voltage distortion factor and is defined as the ratio 

of the effective value of the fundamental voltage harmonic U1 and 

the effective value of the total voltage Uo, ie: 

2
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In (3) THDV is a total harmonic distortion of the voltage and is 

defined as a square root of the ratio of the sum of squares to the 

effective values of the higher harmonics of the voltage and the 

square of the effective value of the fundamental harmonic of the 

voltage U1, ie: 
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The second term in (2), DFi is a current distortion factor and is 

defined as the ratio of the effective value of the fundamental current 

harmonic I1 and the effective value of the total current Io, ie: 
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In (5) THDI is a total harmonic distortion of current and is de-

fined as the square root of the ratio of the sum of squares to the 

effective values of the higher harmonics of current and the square of 

the effective value of the fundamental current harmonic, ie: 
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The third term in (2), DPF = cosφ is the displacement factor. 

For frequencies close to the resonance, the current is with the si-

nusoidal waveform, so that the current distortion factor DFi = 1. 

Based on the above and (1), the power factor in a resonant converter 

with a square waveform of the output voltage and operating fre-

quencies close to the resonance, is given as: 

φ
U

U
φDFPF u coscos

o

1               (7) 

In a bridge resonant converter with a square waveform on the 

output voltage, when the duty cycle is D = 0.5, the voltage distor-

tion factor is DFu = 0.90 [2]. With this (7) gets the form: 

φPF cos9.0               (8) 

The effective value of the fundamental voltage harmonic U1 in a 

bridge resonant converter with a square waveform of the output 

voltage and the duty cycle factor D is given with [2]: 
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Replacing (9) in (7) for the power factor is obtained: 
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When the (10) is replaced in (1) the power gets the form: 
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The equation (11) gives the dependence of the output power of a 

bridge resonant converter from the output current Io, the voltage of 

DC source UDC, the phase difference φ and the duty cycle D. 

From (11) can be concluded that the output power of the con-

verter can be controlled with control of the phase difference and 

with duty cycle D. However, control of the output power with 

changing the duty cycle D is imitated of the increase of the harmon-

ics which comes with a decrease on duty cycle. 

When D < 0.5 the harmonic distortion increases and the voltage 

distortion factor DFu < 0.90. For illustration of this, in Fig. 5 is 

shown the dependence of the voltage distortion factor DFu = U1/Uo 

from duty cycle D. 
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Fig. 5. Dependence of the voltage distortion factor DFu from duty cycle D. 

From Fig. 5 can be noted that to 20 % (value 0.4) decrease of the 

duty cycle, the voltage distortion factor are decreased to 0.85. With 

this, the power factor will fall below 0.85, the active power will 

decrease, and therefore the efficiency will decrease. Therefore, in 

practice when adjusting the output power of the resonant converter 

by adjusting the duty cycle, it should go with its change in small 

range below 0.5. 

For greater power deviation from the nominal (due to change in 

resonant circuit resistance) is more practical to use a DC/DC con-

verter in a DC power source that will supply the inverter. However, 

even considering that the DC/DC efficiency is about 0.9 and the 

efficiency of the resonant converter is about 0.9 the total efficiency 

will fall about 0.8. 

In serial resonant converter, the output voltage is with square 

waveform and in such a case phase differences is [8], [10]: 
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where: 

2

2

0d
2











L

R
ωω                        (13) 

D
F

u
  
 

D 



is damping  frequency and with values for R = 0.24 Ω, C = 26,6 μF 

и L = 26,5 μH has the value 37392 rad/s. When (12) is replaced in 

(11), for active power of converter is are obtained: 
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Base on (14) in Table III are given data for the effective value on 

output current Io, the voltage on DC supply UDC, ratio on the 

switching and damping frequency fs/fd, the phase difference φ and 

calculate power Po. These values are obtain with RLC parameters 

that are given above.  

Table III: Data for fs/fd, UDC, Io, and Po for D = 0.5, D = 0.4 and D = 0.2 

    D=                                         0.5  D=                                         0.4  D=                                         0.2 

fs/fd  

UDC 

[V] 
 

[о] 

Io 

[A] 

Po 

[kW] 

Io 

[A] 

Po 

[kW] 

Io 

[A] 

Po 

[kW] 

0.1 60 -0.02 57 2.88 25 1.26 18 0.91 

0.25 60 -0.06 33 1.67 23 1.16 32 1.62 

0.3 60 -15.13 62 3.03 52 2.54 34 1.66 

0.4 60 20.53 52 2.46 28 1.32 41 1.94 

0.5 60 -0.06 42 2.13 41 2.07 41 2.07 

0.6 60 -19.72 55 2.62 55 2.62 42 2 

0.7 60 -32.56 62 2.64 76 3.24 57 2.43 

0.8 60 -37.36 89 3.58 110 4.42 58 2.33 

0.9 60 -29.32 157 6.93 155 6.83 47 2.07 

1.0 60 0.19 211 10.7 186 9.41 43 2.18 

1.1 60 31.10 169 7.32 174 7.54 42 1.82 

1.2 60 43.88 129 4.71 128 4.67 33 1.2 

1.3 60 47.70 86 2.93 90 3.06 29 0.99 

1.4 60 48.17 76 2.57 73 2.46 28 0.95 

1.5 60 47.31 62 2.13 62 2.12 26 0.89 

1.6 60 45.90 55 1.94 53 1.86 24 0.85 

1.7 60 44.29 46 1.67 47 1.70 26 0.94 

1.8 60 42.63 41 1.53 44 1.63 23 0.86 

1.9 60 40.99 40 1.53 37 1.41 19 0.73 

2.0 60 39.42 35 1.37 36 1.40 18 0.7 

In the Fig. 6 are shown waveforms of the output power in rela-

tion to the normalized circular frequency fs/fd obtained with equa-

tion (14) for three value of duty cycle: D = 0.5 (a), D = 0.4 (b) and 

D = 0.2 (c). 

 

Fig. 6. Waveforms on the output power of the resonant converter for three 

value on duty cycle: D = 0.5, D = 0.4 and D = 0.2. 

Calculating the output power with (14) the effective value on the  

 

 

 

 

 

output current Io is obtained with simulation on the circuit from 

Fig.1 in PowerSim program. 

From Table III and Fig. 6 can be seen that: first, the output power 

is maximal for fs = fd and duty cycle D = 0.5, second, the output 

power for D = 0.4 and fs = fd is reduced for 15 % in ratio on the 

power for D = 0.5. 

Also, can be noted that for frequencies larger than fs = 1.1 fd, the 

waveforms on the output power for D = 0.4 and D = 0.5 are almost 

the same. 

The waveform on the output power for D = 0.2 shows that in this 

case is greatly reduced with maximum value for fs = 0.7fd. 

4. Conclusion 

The serial resonant bridge converter have output voltage with 

square waveform and output current with sinusoidal form when 

switching frequency is same with the resonant frequency. When this 

converter operates in mode on induction device RL parameters are 

changed. This changes cause change on the phase difference be-

tween the output voltage and current. This cause change on trans-

ferred power from the converter to the output load. On the output 

power also can be influenced with changes on duty cycle. 

To maintain a constant power transfer from the converter to the 

load, it is necessary to know the dependence of the power on the 

phase difference and duty cycle. In this paper, an exact equation is 

derived for the dependence of the output power of the converter 

from the phase difference and duty cycle. This equation can be used 

for development of an algorithm for the operation of the converter 

with constant power. 
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