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Pulse Density Modulation Based Power Control of a 4kW 400kHz
Voltage-Source Inverter for Induction Heating Applications

H. Fujita, H. Akagi

Okayama, JAPAN

Abstract— This paper presents a 4kW 400kHz voltage-
source inverter for induction heating applications, which
is characterized by the power control based on PDM
(Pulse Density Modulation). The pulse density modu-
lated inverter makes an induction heating system sim-
ple and compact, thus leading to higher efficiency. The
modulation strategy is proposed to realize an induction
heating system capable of operation at the frequency
and power level of interest. Some experimental results
are shown to verify the validity of the concept.

I. INTRODUCTION

With remarkable progress in switching speed and capac-
ity of MOSFET’s and SIT’s, voltage- or current-source
inverters capable of operation at the output frequency
of over 100kHz have been researched and developed for
induction heating applications such as melting and sur-
face quenching{1}~[4]. A high-frequency voltage-source in-
verter, however, has no ability to control the output power
by itself, so that the cutput power of such an inverter has to
be controlled by adjusting the dc input voltage. A thyristor
bridge rectifier having a dc capacitor and reactor has been
conventionally used as a variable dc-voltage power supply.
This causes some problems in size and cost of induction
heating systems.

In order to overcome the problems of the thyristor bridge
rectifier, the following control schemes have been proposed
with the focus on the use of a diode bridge rectifier as a dc

power supply:
e frequency control based power control [5][6],
o pulse width modulation based power control [7],
o duty control based power control (8].

These control schemes, however, may result in an increase
of switching losses and electromagnetic noises because it
is impossible for switching devices such as MOSFET’s and
SIT’s to be always turned on and off at zero current.
This paper describes an induction heating system of 4kW
400kHz, which is developed for dental casting machines.
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The induction heating system consists of a single-phase
diode rectifier, a single-phase voltage-source inverter using
four MOSFET’s and a series resonant circuit with a match-
ing transformer. The output power control based on PDM
enables us to use the diode rectifier as a dc power supply.
Zero current switching is performed in a wide range from
80W to 3.6kW, reducing switching losses and improving
efficiency. Moreover, the diode bridge rectifier having no
dielectric capacitor on the dc side plays an important role
in shaping the line current of the rectifier into sinusoid and
unity power factor. Experimental waveforms, along with
the analysis leading to the design, are included to verify
the validity of the theory presented in this paper.

II. SYsTEM COFIGURATION

Fig.1 shows a system configuration of the induction heat-
ing system developed in this paper. The power circuit
of the high-frequency inverter consists of a single-phase
voltage-source inverter using four MOSFET’s (25K1521,
Hitachi). The voltage rating of the MOSFET is 450V, and
the current one is 50A. The loss-less snubber circuit con-
sisting of only a small capacitor of 2000pF in each leg is
connected between the drain and source of the MOSFET.
The output of the inverter is connected to the series reso-
nant circuit by a matching transformer with turn-ratio of
8:1.

The dc power supply for the inverter is a single-phase
diode bridge rectifier in which no dc smoothing capacitor or
reactor is connected except for a high frequency capacitor
of 0.47uF. This makes a great contribution to shaping the
line current of the rectifier into sinusoid and unity power
factor, because the inverter is seen as a pure resistor in
the relationship between the dc voltage and current. The
output power of the inverter varies at 120Hz, that is, twice
as high as the line frequency of 60Hz, but such a variation
of the output power does not cause any problem in melting.

III. PDM OPERATION

A. Principle of PDM operation
Fig.2 shows three switching modes in the PDM opera-
tion. Conventional voltage-source inverters have only two
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(2) Simplified Circuit. (b) mode 1.
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Fig.2 Switching modes in PDM operation

switching modes such as modes I and II, while the pulse
density modulated inverter additionally has mode III, in
If the
quality factor of the resonant circuit is high enough, the res-

which the output voltage of the inverter is zero.

onant current continues flowing through a low side MOS-
FET in one leg and a low side free wheeling diode in an-
other leg, as discussed in the following analysis.

Fig.3 shows a switching pattern of the PDM operation.
The inverter acts as a square wave voltage source for three
resonant cycles, while it acts as a zero voltage source for
one cycle. Therefore, the output voltage of the inverter
is a periodic waveform if attention is paid to four reso-
nant cycles. The average output voltage of the inverter is
3/4, compared with full-power operation. Thus, the out-
put power of the inverter can be controlled by adjusting
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Fig.3 Switching pattern in PDM operation

the pulse density of square wave voltage. In Fig.3, modes
I and I are outputted not to include any dc component in
the output voltage. As a result, no flux saturation occurs
in the matching transformer. Compared with frequency
control operation, the PDM operation can greatly reduce
the switching losses because the MOSFET is always turned

on and off at zero current.

B. Analysis of output power

Fig.4 shows specially described waveforms of output
voltage and current under the assumption that the quality
factor of the resonant circuit is finite. Here, a period of
time of the PDM pattern, T is long enough to make the
amplitude of the resonant current fluctuate. The envelope
of the resonant current exhibits a first-order response al-
though the series resonant circuit is a second-order system.
The time constant of the envelope is given by

-3, )

w

2L
T

r: resistance of the resonant circuit,
@Q: quality factor of the resonant circuit.

112



vo
0

A
I

L
I

Fig.4 Voltage and current waveforms in PDM operation

The envelope ig of the resonant current is given by

t i
i5(t) = In (1 - e-:) +IeF (0<t<Ty)
. o)
ig(t) =i (Ta)e™ 7 (T4 <t<T)
A
==, 3
l-e 7

I.: maximum current in full-power operation,
I: initial value of the envelope ig.

If Q is infinite, the amplitude of the resonant current is
in proportion to the pulse density.

lim ig = Imﬂ
T=—00

- )

The average output power is obtained by multiplying V;
and ig, as follows:

P L [Tz, yat
f/; ~Vaig(?)

il

()

- %vd g Tatre 7 -7

(6)

If the periodic time T of the PDM operation is much
smaller than the time constant 7, the amplitude of the
resonant current is in proportion to the pulse density, and
no fluctuation occurs in the amplitude of the resonant cur-
rent. Thus, the output power is in proportion to the square
of the pulse density, as given by
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Fig.5 Principle of loss-less snubber
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If T > 7, the output power is in proportion to the pulse

. _2 Ta\?
TILIEOP = ;lem (T) .

density because the resonant curréent becomes a discontin-
uous waveform.

. 2 Ty
lim P = =Vyln =2 (8)
1V. Loss-Less SNUBBER CIRCUIT

A. Principle of snubber circuit

Fig.5 shows the principle of a loss-less snubber applied to
the inverter. It is connected in parallel with the MOSFET
in each leg, consisting of only one capacitor without any
additional diode or resistor. Let’s consider the switching
operation from Fig.5(b), where the MOSFET’s S; and S4
are conducting, to Fig.5(d), where S; and S3 are conduct-
ing.

First, it is assumed that the resonant current is flow-
ing through S; and S4 as shown in Fig.5(b). The voltages
across the snubber capacitors Cy and C4 are zero, and those
across Cy and C3 are the same as the dc link voltage. S;
and Sy can be turned off with zero voltage switching the
instant that the gate pulses are removed from S; and S,.
During the commutation shown in Fig.5(c), the capacitors
C; and Cy4 are being charged, while C; and Cs are being
discharged with rising up of the voltages across C; and
Cy4. Since the snubber capacitors have the same capacity,
half of the resonant current flows through the upper snub-
ber capacitors and the other flows through the lower ones.
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Fig.6 Waveforms of loss-less snubber circuit

When the voltages across C; and C3 reach to zero, the free
wheeling diodes D3 and D3 start to conduct as shown in
Fig.5(d). S; and S3 are provided with the gate pulse before
D; and D3 turn off. S and S3 can be turned on with zero
voltage immediately the direction of the resonant current
changes.

If the inverter were operated with leading power factor,
this loss-less snubber circuit would not work well. It should
be noted that the voltage-source inverter, in which this
snubber circuit is installed, has to be operated with lagging
power factor.

B. Discussion on blanking time

Fig.6 shows detailed waveforms of voltage and current
of the loss-less snubber circuit. Here, assume the resonant
current as follows:

—V2Isinwt.

9

When a MOSFET is turned off at the time of —T, 4, the
voltage v across the snubber capacitor starts to rise, as

o

given by

v(t)

1 t io
— —dt
Cs /—Tan 2

(coswT,y5 — coswt).

I
10
V3l (10
Cs: capacitance of snubber capacitor

The time of —T,, at which the » reaches to the dc link
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voltage of Vj, is obtained by substituting into Eq.10 that
v(=Ty) = Vy.

Ty= %cos"1 (cosz,,” - \/Z‘)Cs%) (11)

The condition that v reaches to V; at ¢ = 0 gives the min-
imum value of T,¢; as follows:

Tonin = :—Jcos'l (1 - fzwcsz;-) . (12)

Although Eq.12 shows an ideal condition that gives the
minimum value of dv/dt, Toz¢ should be set up to Trnin
for minimum pulse density because the amplitude of the
resonant current is varied by pulse density. For the design
of the experimental system, the minimum resonant current
of 15A, which is equal to 3/4 of the rated current, and the
dc link voltage Vy = 200V are assumed. The capacitance
of the snubber capacitor is designed to be 2000pF, which
is as large as the output capacitance of the MOSFET used
here. Since Tpnin = 180ns is obtained from Eq.12, Toyy is
set up as Tory =200ns for the experimental system. The
blanking time or lock-out time is also set as 150ns, because
T4 =85ns is given by Eq.11.

V. ConTrOL CIRCUIT

Fig.7 shows a control circuit of the pulse density mod-
ulated inverter. The control circuit forms a type of phase
locked loop, which outputs the gate pulses in phase with
the resonant current. The VCO outputs a pulse train
whose frequency is twice as high as the resonant frequency.
The pulse train is inputted to the five-bits step-up counter
to read out a PDM pattern stored in a ROM. The PDM
pattern is equal to sixteen times as long as the resonant
period. Three latches inserted at the output of the ROM
eliminate the effect of a delay produced by the counter and
the ROM. The signal SYNC from the ROM is a continuous
pulse train, and is used to synchronize the gate pulses with
the resonant current. The PDM pattern signals A and B
are inputted to a set-up circuit of blanking time and then
are provided to a drive circuit.
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Fig.8 Experimental waveforms of inverter output (full-

power operation).
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Fig.9 Experimental waveforms of inverter output (pulse
density: 3/4).
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Fig.10 Experimental waveforms of inverter output (pulse
density: 1/8).
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VI. EXPERIMENTAL RESULTS

Figs.8, 9 and 10 show experimental waveforms obtained
by a prototype system. In these experiments, a dielectric
capacitor of 3000uF is connected with the dc link to verify
the operation principle of pulse density modulation.

Fig.8 shows an output voltage and current of the high-
frequency inverter in the case of the full-power operation
of about 3.6kW. Since the snubber capacitor of 2000pF
suppresses dv/dt, that is, the derivative of the drain to
source voltage with respect to time, the rise-time is about
150ns. No voltage spike occurs in the output voltage.

Figs.9 and 10 show those in the case of the PDM oper-
ation. Since the pulse density is equal to 3/4 in Fig.9, the
amplitude of ip decreases according to the pulse density.
Almost no decay caused by the PDM operation appears
in the amplitude of ¢p. In Fig.10, the amplitude of ip is
greatly reduced by the PDM operation, and the output
power of the inverter is 80W, which is only 2%, compared
with that in Fig.8. The periodic time of the PDM oper-
ation in Fig.10 is longer than that in Fig.9, so that the
amplitude of ip fluctuates.

Fig.11 indicates a relationship between the pulse density
and the output power of the inverter. The curve obtained
from Eq.6 agrees well with the experimental results. The
curve given by Eq.7 has a small difference in the range of
pulse density from 2/16 to 12/16. This means that Eq.7 is
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Fig.12 Experimental waveforms in case of using diode rec-
tifier without dielectric capacitor (full-power operation).
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Fig.13 Experimental waveforms in case of using diode rec-
tifier without dielectric capacitor (pulse density: 3/4).

applicable in the range of output power from 70% to 100%,
while Eq.6 is valid in the overall range.

Fig.12 shows the waveforms of the input voltage and
current of the diode rectifier in the case of the full-power
operation. The input current is a sinusoidal waveform with
unity power factor, because no dc capacitor is connected
to the diode rectifier except for a high frequency capac-
itor of 0.47uF. Fig.13 shows those in the case of pulse
density=3/4. Although the pulse density modulated in-
verter produces the current ripple, the frequency of which
is about 100kHz, the ripple can be absorbed by the high
frequency capacitor.

VII. CONCLUSION

The purpose of this paper is to develop a pulse density
modulated inverter of 4W 400kHz which can be used as
an induction heater in a dental casting machine. Since

the output power of the inverter is controlled by itself, a
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diode bridge rectifier is applicable. The PDM control real-
izes zero current switching in all the operating conditions
so that it can reduce switching losses and electromagnetic
noises, compared with frequency control or PWM control.
This results not only in improving efficiency but also in
reducing volume or size of induction heating systems. It
is believed that the pulse density modulated inverter is
more suitable for induction heating systems from a practi-
cal point of view.
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