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DEPENDENCE OF THE ACTIVE POWER OF THE SERIAL RESONANT BRIDGE
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Abstract: Serial resonant bridge comeerter commonly used m process of induction heaiing on metal manerinls. In these applicaiions during
the heatmg process, the comverter load equivalent elecirical parameters are changed. This contributes to the rangforred power from the
coRverter fo the induction device te change. In thiz paper with mathematical analysis are derermimed the quantinies from which depends the
acitve power gf the resonant comarter. Darived is an eguation that gives the dependence af the active power from the phase angle between
the voltage and current the comerter as and from the duiy gecle. Thiz eguatton can be used in control methods fo mainiain MaOEimum comver-

far power frangier.

Eeywords: ACTIFE POWER, RESONANT CONVERTER, EQUATION

1. Infreduction

In power converters of interest is that the power ansferred from
the converter on the load to be maximal. Often due to the change in
the parameters of the owtpat circuit of the cooverter, thiz power is
not always maximal [1], [2], [3]- To maintain maximum transferred
power from the conwverter to the load is needed knowledze of the
parameters that affiect the power. Independent of the type of process
contmolled by the coowerter, motor drive or induction device, efc.,
causes leading to a reduction in the transfamed power are related to
increaszing the phase difference betwesn the voltage and the current
of the converter as well the deviation of duty cycle of waloe 0.5. The
change in the phase difference is caumsed by the changs of parame-
ters (inductance, resistance, and capacitance) of the output circwit of
the comverter. To changing the duty cycle on the owtput volage of
the comverter comes as A result of the need to change the effective
value of the output veltage, with target to conmolling the owtput
power of the converter. The changs on the phasze difference leads to
an increase in reactive power and a reduction in the actve power of
the comverter. Fedocton of the duty cycle fom 0.5 increaszes the
harmonic distortion of the output voltage and current of the conwver-
ter. Both rezsons reduced the output actve power and efficiency of
the cooverter [4], [5], [&] [7]-

In this paper with mathematical analysis are determines the quan-
tities from which depends the active power of the resonamt comver-
ter. Dierived is an equation which zives the dependence of the active
power from the phase angle berween the voltage snd cument the
converter as and fom 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 comverter with owfput lead: E=024 0, =260 uF and
L =245 pH [8]. In Fig. 2 are shown the output voltage and oarrent
waveforms in the more nsual above-resonznce mode of operation.
In inducton bezting'melting and similar applications the heated
workpiece equivalent electrical paramesters are part of the resonant
circuit. As the work-piece temperamire increases, its equivalent
resistance and inductance change, thus changing the cirmit resonant
frequency. Conseguently, the deviation of the switching frequency
from the resomant one is also changed, which results in undesired
change of output power.
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Fig. I Serial resonanr bridge comverter wpoiegy M mode qf mduction de-
vire.

The typical R and I change during metal-piece induction malting
iz in the range of 50%. These real values are usad 2s an example in
the following examination giving the wvaluwes for the resonsnt fe-
quency y = 37665 rad's, f, = 5998 Hz [¥], [10].
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Fig. I Oupur voirage and current wavglorms in above-resanance mode.

The mode of induction heating changes the value of the resis-
tance snd nductsnce of the resonsnt circuit of the converter. This
leads to a change in the phase differsnce between the current and
the voltage of the converter and the change of the owtput power.

In Table I are given the walues on the switching frequency £, |
output voltage L7, output cwrrent [, output power P, and phase
difference ¢ for chance on the resistance and the inductamce for
20 %, ie.: chanpgse on A from 0.24 © on 0.29 £, and change on L
from 26.5 pH on 31.5 pH.

To visualize this rather swange dependence, Fig. 3 gives Power-
Sim simmlation results of steady state for several values of the
switching frequency below and above resonance [9]



Table I: Falwes gf the output comvarter paramenars for changes of resSrance

and mductance far 20%

L E 7 Joe L L P,
[wH] | [9] [1 Hz] | [A] | [V] | [KVA]
6.5 0,24 5,00 627 208 58 10,7
R 0.29 31,34 6.27 125 56 6,16
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Fig. 3 Steady sixne volrage and current wavgihrms below and abave
rezonmnce (R=024 0 L =26 Jul, C=26.0 uF and @ = 4.

From Table I can be ssen that the change in the inductance and the
resistance for 200 %%, changes the phase angle for 16 % and reduces
the oufput power for 42 %
The current waveform for £ = 0.5% shows that is very much
distorted deep below resonasnce, the fitst harmonic is no longer
dominant, which reflects to the amount of active power wansfamed
to the load. This explains why below-resonance mode of power
conrol was less desirable. The first diagram in the Fig. 3 for f, = 0.5
Jo shows that phase difference gets zero values every time the
switching period T, is multiple of the resonant one T, in this case T,
=2T.

The general conclusion from Fig. 3 is that when switching fre-
quency f, is different from resonsnt frequency f, the harmonic dis-
tortion of the output current are increased.

In Table IT are given the values on output voltage I7,, onfput cur-
tent I, , output power P, for change on convertor duty cycle.

Table IT: Falues qf the ouput conmverter paramaters for changes of the duty

cycie
I R & i Ji] i 0, P,
[H] | (9] [o] | [kHz] [A] | V] | [&VA]
26,5 024 | 500 627 0.3 08 | 36 10.7
26,5 024 | 500 627 0.4 187 | 36 B3
26,5 02 | 500 §.27 0.3 115 | 36 38
24,5 022 | 500 627 [T 56 045

From Table II can be seen that the change on the duty cycle D
significantly reduces the output power P, Changing the duty cycle
to 0.1 from optimal valwe 0.5 canses @ change on the power for
21 %4 Larger changes in the duty cycle I canses significant changes
on the power P,

Alzsp, the change in the dury cycle canses an increasze in the har-
monic distortion of the output voltage. In the Fiz. 4 is chown har-
monic specter for the output voltage of the converter for duty cycle
0.5 and 0.2.

From Fiz_ 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, Fiz. 4b.
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Fig.4 Hormonic specter of the outpur comverter voitaee: a) for duty cycie
0.5 and &) for duty cycle 0.2,

The general conclusion Som Fig. 4 15 that for less duty cycle
D = 0.5 the hammonic distortion of the output voltage increases.



3. Determination on the active power from phase dif-
Serence and duty cyele

The output active power of the seral resonant converter is de-
termine as [2], [3]:

R =UIPF o

In (1} U, is the effective value on the cutput veltage, I, is effec-
tive value on the output current, and PF 1= power factor of the con-
VErteT.

In 3 conwvertar that penerates 2 voltaze with 3 square waveform at
the output, the power factor of the converter is defined as:

PF=DF,-DF -DPF @

In () DF, is a voltage distortion factor and is defined as the ratio
of the effective value of the fundamental voltage harmonic T, and
the effective value of the tofal veltage 17, ie:

U 1
DF, = L_] = (3)
s 1+THDV™

In (3) THDV is a total harmonic distortion of the voltage and is
dafined as a square root of the rato of the sum of sguares to the
effective valhes of the higher harmonics of the voltage and the
square of the efactive value of the fumdamentzl hammonic of the
voltage 1T, e

Iy r2 2 2 72 2
|L3 + L3+ U+ [ [+ +

1|II
The second term in (2}, DFi is a current distortion factor and is
dafined as the ratio of the effective value of the fundsmentsl current
hammonic I, and the effective valoe of the total cwrent I, de:
I 1
_D_F: =L _ —_— (5
I, \1+THDI*

In {5) THDI is a total harmenic distortion of cument and is de-
fined as the square reot of the ratio of the sum of sguares to the
effective values of the highar harmonics of current and the square of
the effective value of the fundamental current barmonic, ie:

_ PR
— °

The third term in (27, DPF = cosg is the displacemeant Sactor.

For frequencies close to the resonance, the ourrent is with the =i-
nusoidal waveform, so that the current distortion factor DF; = 1.
Based on the sbove mnd (1), the power factor in 4 resonant convertar
with a square waveform of the output veltage and operating fre
quencies close to the resonance, is given as:

THDV = )]

= U
PF=LF, coﬁa=b—_'m5p )
In a bridgze resonant cooverter with 2 square waveform on the
output veltage, when the duty cycle is I = 0.5, the voltage distor-
tion factor is OF, = 0000 [2]. With this (7) gets the form:
FPF=08%cozp (8}

The effective value of the fundamental voltage hammonic U, o a
bridge resonant conwerter with a squars waveform of the output
voltage and the duty cycle factor D is ziven with [2]:

. 4L
U, ——"'-‘"-511:(.[3'1} @)

T

Feplacing (%) in (7) for the power factor is obtained:

1 405
— o DTcos (10
Ty Jcosg

When the (1) is replaced in (1) the powsr gets the form:

‘, L 4{;{7 smi Dim)cosg =

PF=—

P=-2c

(11}
4{’ —L sm{ Dm)cosg
" n

The equation (11) gives the dependence of the output power of a
bridze resonant comverter from the output cumment I, the voltage of
D source Do, the phase difference @ and the duty cycle I

From (11 can be concluded that the putput power of the conver-
ter can be controlled with contral of the phase difference and with
duty cycle D Howevear, control of the oufput power with changing
the duty cycle D is imitated of the increase of the harmonics which
comes with a decreass on duty cycls.

When D = 0.5 the harmonic distortion imcreases and ths voltage
distortion factor DF, < 0.90. For illustration of this, in Fig. 5 is
shown the dependence of the voltage distortion factor DF, = U/T,
from duty cycle D).
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Fip. 5. Dependence of the voltage distortion jactor DF, from duy cycle D.

From Fig. 5 can be noted that to 20 %5 (value 0.4) decrazse of the
dufy cycle, the voltage distortion factor are decreased to 0.85. With
thiz, the power factor will fall below 0.5, the active power will
decrease, and therefore the efficiency will decrease. Therefore, in
practice when adjusting the oniput power of the resonant comverier
by adjusting the duty cycle, it should zo with its change in small
range below 0.5,

For greater power deviation fom the nominal (due to change in
resppant circuit resistance) is more practical to use a DCODC con-
verter in 4 DC power source that will supply the mverter. However,
even considering that the DIC/DC efficiency is about 0.9 and the
efficiency of the resonant convarter is about 0.9 the total efficiency
will fall about 0.8,

In serial resomant cooverter, the oufput voltage is with square
waveform and in such a case phase differences is [8], [10]:

ﬂf%j 12
?=EIC¥ x o - ( -j
o £,
g =% +oos(r—)
where:
P e a3
i \ 2L



is damping fFequency and with values for B =024 0, O=124.6 uF
B L =245 pH has the walne 37302 rad's. When (12} is replaced in
(11}, for active power of converter is are obtained:

f % )

sin r—2)
Mo 14
P =1, %“I;:'s:i:iD:r}cuf wog ———= || 49
S g +c~n5(:':a"]|

cr

Basze on (14) in Table ITT are given data for the effective value on
output current [ the voltzge on DC supply U, rade on the
switching and damping frequency ffi, the phase difference ¢ and
calculate power P, These values are obtain with RLC parameters
that are given above.

Table ITT: Data for £, U I and P for D =05, D=04ad D ={.2

D= 05 D= 03 = 0z
Ul o L | P | o |2 |1 |&R

f || ro) |rap | mwy | ofa) | pwy | opa) | mw
01 | 60 -0.02 57 2.88 25 1.26 18 0al
025 | &b 06 33 1.67 13 1.16 32 1.42
0.3 | ob -15.13 &2 303 52 254 XS 1.66
04 | &b 2053 52 245 X 132 41 184
0.5 | ob 006 42 213 41 207 41 207
0.6 | &b 197 i3 162 5 242 41 1
7| G -32.56 52 .64 T 314 37 243
0.8 | &b -37.36 i 3.58 110 442 38 233
0.8 | &b -29.32 | 157 5083 155 6.23 47 207
10| &b Q1% | 211 10.7 186 041 43 218
11| &b 3110 | 168 732 1% 754 42 1.82
1.2 | &b 4388 | 12 471 12 467 33 13
1.3 | 60 477 g6 183 o 306 » 0.8e
14| &b 4817 7 157 73 246 X 083
L5 | &b 4731 &2 113 &2 213 b (R
1.6 | 6l 4590 35 184 33 1.86 b 0.E5
1.7 | &b 4420 48 1.67 7 1.7 3 004
1.8 | 50 4243 41 133 44 1.43 23 [TET
1o | &b 4 00 El 133 37 141 e 073
10| 6b 34l 35 137 316 1.40 18 0.7

In the Fig. 4§ are chown waveforms of the oufput power in rela-
tion to the normalized circalar frequency £, obtined with equa-
tion {14) for thres value of duty cycle: D =035 (z), D =04 (b) and
D=02c)
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Fip. & Wavgforms on the ouipur power gi the resonant comverter jor three
valug on dufy cycles D =03 D=04 amd D =0.1.

Calonlating the output power with (14) the effective value on the
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output current I is obtained with simulation on the circuit fom
Fiz 1 in PowerSim program.

From Table I and Fig. § can be seen that: firse, the output power
is maximal for =7, and duty cycle D= 0.5, second, the output
power for =04 and f =/ is reduced for 15 % in rato on the
power for D =1035.

Alsp, can be noted that for frequencies larger than f, = 1.1 f}, the
waveforms on the output power for D= 0.4 and I? =0.5 are almost
the same.

The waveform on the ontput power for [ = 0.2 shows that in this
case is greatly reduced with maximmm value for f, = 0.7

4. Conclusion

The serial resonsnot bridge cooverter have output voltage with
square waveform and ouwtput owrent with sinuseidal form when
switching frequency is same with the resonant frequency. When this
converter operates in mode on induction device AL parameters are
changed. This changes cause change on the phase difference be-
tween the output veltage and current. This cause change on frans-
fermred power from the converter to the output lead. On the output
power also can be influenced with changes on duty cycle.

To maintain 3 constant power Tansfer fom the converter to the
load it is mecessary to know the dependence of the power on the
phasze difference and duty cycle. In this paper, san exact equation is
derived for the dependence of the output power of the comverter
from the phase difference and duoty cycle. This equation can be used
for development of an algorthm for the operation of the comverter
with constant power.
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