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Abstract: In this paper optimal bandwidth of power converters loaded with resonant circuit is defined based on calculations of the switching
power losses. Switching power losses in IGBT bridge converters are analyzed depending of the converter’s switching frequency. The
operation of a full bridge serial resonant converter for switching frequency below and above the resonant frequency is analyzed. Typical
application of such converter with variable resonant frequency is when the converter supplies a device for induction heating of metals. In the

paper PowerSim and SemiSiel simulations programs are used.

The obtained results are experimentally verified and on their basis an induction heating device for metals is constructed.
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1. Introduction

One of the basic requirements of power electronic converters is
to convert the energy from one form to another with as high as effi-
ciency possible. To achieve this, power electronic circuits utilize
semiconductor devices as switches [1].

Size, weight and price reduction of the converters is also one
of the major requirements in the design of power electronic circuits.
The basic means to achieve this is by using a high operating fre-
quency. The increased frequency allows obtaining the same reac-
tance values (oL and 1l/C) with reduced inductance and capaci-
tance values [2], [8]. However, the increased operating frequency
increases the switching power losses and degrades the power con-
verter stability [4], [9].

To reduce the switching power losses at higher frequencies,
resonant converter topologies are used which ensure low switching
power losses. Circuits that allow zero voltage and zero current
switching (ZVS and ZCS) of the power switches are used i.e. the
resonant full bridge converter.

In this paper, analysis of the influence of the switching frequency
on the switching power losses in IGBT bridge converter loaded with
serial resonant circuit is presented. Then, a full bridge serial
resonant converter operation is analyzed in the mode of induction
heating of metals.

The metal work piece that is put for heating inside the inductor
acts as a short circuit secondary transformer winding and load at the
same time and together with the capacitor it can be modelled as
series resonant RLC circuit. The parameters of this resonant load
change during the metal treatment and have a dynamics that de-
pends from these parameters and that affects the operation of the
resonant converter. With such loads, converter output power de-
pends not only from the voltage rms value, but from the switching
frequency as well. The dynamics of the induction heating process is
affected by the values of the primary inductance L and the resonant
load. As the resonant frequency is determined by L and C, the oper-
ating frequency has to be changed according to the change of L and
C to maintain constant output power.

2. Influence of the switching frequency on switching

power losses
Power losses in IGBT modules

When semiconductor switching devices operate in Hard
Switching mode a certain current is turned on or off at a certain
voltage level whenever switching occurs, as shown in Fig. 1, [3].
This process results in switching losses. The higher the frequency is
the switching losses are greater which obstructs the intention to
increase the frequency.

Switching losses can be calculated in a simple way as:
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Fig. 1. Switching waveforms of a semiconductor switching device.
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where,

Psw - switching losses [W]

Vg - SWitching voltage [V]

lsw - Switching current [A]

fs - switching frequency [Hz]

ton - Switch turn-on time [s]

toff - Switch turn-off time [s]

For a hybrid power module with n IGBTs and m diodes the total
power losses are:

) Ptot/M = nPtot/T + mPtot/D

where, Py 7 is total transistor power losses and Py p is total diode
power losses.

Operating conditions

The operating of a full bridge converter in the mode of
induction heating of metals is analyzed. In the simulation program
for induction device design ELTA, a copper work piece with mass
of 5 kg is thermally treated to melting temperature of 1083 °C. In
the simulation program ELTA the distribution on the inductance is
obtained for thermal treatment of a copper work piece, Fig 2.
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Fig. 2. Inductance change in induction device for thermal treatment of cop-
per work piece to the melting temperature.

Also, values for the parameters of the supply voltage source,
the average, minimal and maximal value of the inductance are ob-
tained in the simulation program: the rms voltage is 56 V and the
switching frequency is 6 kHz. The simulation results are given in
Table 1.
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Table 1. Simulation results

L RE C USOU[CE fD
WH) | @ | @A | ) | (kHz)
Average value 26 021 | 27 56 6
min 252 [ 021 | 27 56 6.15
max 27 1021 27 56 5.85

From Table 1 we can conclude:

Thermal treatment of copper work piece with induc-
tion heating to melting temperature is dynamic and it
dynamically impacts on inductance change and reso-
nant frequency,

The capacitor value for inductance compensation for
practical applications is constant.

The values obtained in the program ELTA are used for the power
converter design.

Simulation results in the PowerSim program

Based on the simulation results for parameters values obtained
in Table 1, simulations are performed in the PowerSim simulation
program [6] for full bridge IGBT power converter with resonant
load circuit. In the Fig. 3 the simulation circuit in the PowerSim
program of the full bridge converter is given.

Fig. 3. The circuit for the full bridge converter simulation in the PowerSim program.

In the Table 2 values for the voltage, current, power and power
losses in the full bridge converter with serial resonant circuit
obtained with simulation of the circuit in the Fig. 3 are given with
switching frequency of 6 kHz and inductance changes given in the

Table 1. The circuit in the Fig. 3 is simulated with freewheeling
diodes connected to the IGBT transistors of the power converter
and without these diodes.

Table 2. Values for the voltage, current, power and power losses in the full bridge converter

L Creson Re(z) Ioutrms Uoutrms Sconv- IDC UDC PDC PR fsw fo Pcz PTz Heonv
MH) | W) | @ | A | VM | kvA ] A) | V)| kW) | kW) | kHz) | (kHZ) | (W) | (W) | (%)
With freewheeling diode and resonant frequency
26 | 27 [ 021 ] 240 | 5666 | 1358 | 219 | 60 1314 121 [ 6 [ 6 [ 1040 [ 260 | 92
With freewheeling diode and below resonant frequency
25.2 27 0.21 236 57 134 213 60 12.78 | 117 6 6.15 | 1080 | 270 92
25.2 27 0.21 212 57 12.08 176 60 10.56 | 9.44 5.75 6.15 | 1120 280 90
25.2 27 0.21 202 57 115 169 60 10.14 | 857 5.5 6.15 | 1571 | 392 85
With freewheeling diode and above resonant frequency
27 27 0.21 237 57 135 215 60 12.9 11.8 6 5.85 | 1104 | 276 92
27 27 0.21 212 57 12.08 177 60 10.62 | 9.44 6.25 5.85 | 1180 | 295 90
27 27 0.21 199 57 11.3 165 60 9.9 8.3 6.5 5.85 | 1583 | 395 84
Without freewheeling diode and resonant frequency
26 | 27 [ 021 ] 238 | 57 [1357 [2175] 60 [1305[11.89 ] 6 [ 6 [ 1154 [ 290 | 91
Without freewheeling diode and below resonant frequency
25.2 27 0.21 236 57 135 215 60 12.9 11.7 6 6.15 | 1200 | 300 90
25.2 27 0.21 226 57 12.88 202 60 12.12 | 10.73 | 5.75 6.15 | 1394 348 88
25.2 27 0.21 210 57 11.97 189 60 11.34 | 9.26 55 6.15 | 2079 | 519 81
Without freewheeling diode and above resonant frequency
27 27 0.21 236 57 135 216 60 12,96 | 11.7 6 585 | 1260 | 315 90
27 27 0.21 223 57 12.7 204 60 12.24 | 1044 | 6.25 5.85 | 1796 | 449 85
27 27 0.21 199 57 11.3 189 60 11.34 | 8.316 6.5 5.85 | 3023 | 755 73
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The work on the converter is simulation with IGBT transistor From Table 2 we can conclude:

by Vees=1.67V and diode voltage Ve=1.45V. = On the switching frequency same with the resonant
In the Table 2 the magnitudes are: the power losses are lowest,
1T ) = On the switching frequency below and above the re-
. - = — _ — _ — onant frequency converter power losses are in-
Youms T I Ugy” (1)t =Upe ~ Veoyosr =60-3.34 56'4\§reased and the efficiency of the converter is de-
0 creased,
' ) = In the topology of the power converter with IGBT
Py =1 4msRe power on load resistance R, , modules with freewheeling diodes the power losses
are decreased and the efficiency of the converter is
. PD c = U bC | bc Power on the DC link circuit, increased_ compared to the topo_logy of power con-
verter with IGBT modules without freewheeling
P diodes,
_ R 0, - - . .
" Neow = 100% converter efficiency, = Values for the power losses given in the Table Il de-
DC fine optimal bandwidth of the converter (from
5.75 kHz to 6.25 kHz) for which the efficiency of the
" Pcz = PDC -k = tot/m total power losses of converter is greater than 90% (converter topology
the converter, with freewheeling diodes).

On the Fig. 4 is given change of the power losses of IGBT

- Pcz 4= I:)Tz total power losses in one transistor module to the change switching frequency for IGBT module with

module P+, (transistor and diode). freewheeling diode and without diode. Fig. 4 is obtained from the

values on the Table 2.
2.6

IGBT power losses change
without freewheeling diode

IGBT power losses change
with freewheeling diode

1.08

0890950581 fv

£
Fig. 4. Dependence of the power losses of IGBT module to the change switching frequency P+, = F(f).

Simulation results in the SemiSiel program simulations two IGBT modules type SKM195GB066D are used in
Simulations are done in the SemiSiel [7] program for the full each branch, which means that there are eight semiconductor

bridge converter with parameters defined in the Table 2. The power ~ SWitches in the converter.
losses values of the converter are given in the Table 3. In the

Table 3. Simulations results obtained in SemiSiel program

SKM195GB066D SKM195GB066D SKM195GB066D
4 modules 4 module 4 module
on resonant frequency | below resonant frequency above resonant frequency
fo=6kHz, fw=6kHz | fo=6.15kHz, fow=6kHz | f=5.85kHz, faw=6 kHz
Peond tr 115 W 116 W 118 W
Pswr= Ponr+Poii 6.78 W 6.89 W( Pon) 7.01W(Posirr)
P 122 W 123 W 125 W
Peond d 0.00 W 0.00 W 0.00W
Pswid 8w 12W(Pota) 1IW(Ponia)
Py 8W 12W 11W
Pe=Protal 1040W 1080 W 1088W
= On switching frequency above the resonant frequen-
From the Table 3 losses of the transistors and diodes in the cy transistors in the converter are switching with
converter can be read. Table 3 shows that: hard turn off (non ZCS) and soft turn on (ZVS).

Diodes are switching with hard turn on and soft turn
off, and the power losses occur as a result of their

= On switching frequency below the resonant frequen- switching.
cy transistors in the converter are switching with
hard turn on (non ZVS) and soft turn off (ZCS). Summary of the results
Diodes are switching with hard turn off and soft turn The results in the program ELTA show that for induction
on, aﬂfi the power losses occur as a result of their  heating of copper work piece to melting temperature the circuit
switching,

21 YEAR XX, VOLUME 2, P.P. 19-22 (2012)



SCIENTIFIC PROCEEDINGS IX INTERNATIONAL CONGRESS "MACHINES, TECHNOLOGIES, MATERIALS" 2012

ISSN 1310-3946

inductance is changing in the range from 25.2 pH to 27 pH, and the
required resonant frequency changes from 5.85 kHz to 6.15 kHz.

The results obtained from the ELTA program for the power
converter which supplies an induction device are used in

the PowerSim and SemiSiel programs to obtain the power losses
and they are given in the Table 2.

Based on the results for the power losses efficiency of the
power converter can be calculated and also the optimal bandwidth
in which the converter will operate with efficiency greater than 90%
can be defined.

The calculations show that optimal bandwidth is in the range
from 5.75 kHz to 6.25 kHz. This frequency range is wider than the
resonance range which is from 5.85 kHz to 6.15 kHz defined in the
Table 1.

3. Experimental results

In this section we are interested for the total power losses in a
practically  constructed power converter obtained  with
measurement. Topology of IGBT full bridge power converter with
serial resonant load with parameter values as in the Table 1 and 2, is
used for supplying induction heating device used for melting of a
copper work piece with mass 5 kg.

The Table 4 shows values of the magnitudes obtained with
measurement in a practically constructed power converter with
switching frequency of 6.15 kHz, operating slightly above the
resonant frequency 6 kHz. In the converter two IGBT modules type
SKM195GB066D are used in each branch.

Table 4. Power losses in a practically constructed power converter in mode of induction heating device obtained with measurement

I DClink U DClink I:)DC Ioutrms U outrms Sout ~ Pout nconv
(A | (V) kw) | (A) | (V) (kVA) (%)
225 60 13.5 225 55 12.38 92

Table 4 shows that:

*  Poe = lpcinkY paiink 18 the power on the DC link
circuit, this is the input power of the converter,
- Sout ~ Pout =1 outrmsU outrms is the apparent output

power of the converter, because the converter
operates close to resonant frequency, the apparent
output power is close to the active power,

=  P,c — P, =1120W is the total power loss in

out
the converter, and it is close to the total power losses
given in the Table Il and I1I.

P

= _out _ Mooy = 929 is the efficiency of the power
DC
converter.

In the Fig. 3 the practically constructed converter is given on
which the above measurements were performed.

Fig. 3. Practically constructed power converter

4. Conclusion

In this paper is show a procedure for optimal bandwidth of
power converters loaded with resonant circuit. The bandwidth is
defined based on calculations of the switching power losses.
Switching power losses in IGBT bridge converters are analyzed
depending of the converter’s switching frequency. The operation of
a full bridge serial resonant converter for switching frequency
below and above the resonant frequency is analyzed. Also here are
give results from practical application on this power converter in
induction device for melting on work piece copper.

22

5. References

[1] Williams W. B.,Principles and Elements of Power Electronics,

University of Strathclyde, Glasgow, 2006.

[2] G.Stefanov, L.Karadzinov, D.Karanfilov: Design of Power
Converter for Induction Furnaces with Computer Simulation,

MIPRO 2010, Opatia, Croatia, 33 International Convention,

pp.164-169, 24- 28.05.2010.

[3] Viriya Pichetjamroen,. Naras Yongyuth, and Kouki Matsuse,

Analysis of Two Continuous Control Regions of Conventional

Phase Shift and Transition Phase Shift for Induction Heating Inver-

ter under ZVS and NON ZVS Operation, IEEE, 2008.

[4] M. Hierholzer, H. Brunner, T.Laska, A. Porst, Characteristics of

High Voltage IGBT Modules PCIM Proc. Power Electronics,

pp.135-139, 1995, Nurnberg.

[5] C. Soule, Thermal Management of IGBT Power Modules,

PCIM, Proc. Power Electronics, pp.297-312, 1995, Nirnberg

[6] WWW.PowerSim.com, simulation program for power electron-

ic 8.0.5.

[7] WWW.semikron.com, simulation program semesiel for power

electronic.

[8] G.Stefanov, R. Dambov, Fundemental principes of working in

resonant converter for induction heating, MGU International

Scientific Conference, Sofia, VOL. 52, pp. 23-27, 19-20 Oct 2009.
[9] S. Konrad, Thermal Behaviour of Power Modules in PWM-

Inverter, EPE 1995, Sevilla, Spanien, Proc. Vol. 1, pp. 565-570

[10] Semikron, Application manual, 2008.

YEAR XX, VOLUME 2, P.P. 19-22 (2012)


http://www.powersim.com/�
http://www.semikron.com/�



