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Abstract: This paper presents a novel mega-Hz-level super high frequency zero-voltage soft-switching converter for induction
heating power supplies. The prominent advantage of this topology is that it can absorb both inductive and capacitive parasitic
components in the converter. The switch devices operate in a zero-voltage soft-switching mode. Consequently, the high voltage
and high current spikes caused by parasitic inductors or capacitors oscillation do not occur in this circuit, and the high power loss
caused by high frequency switching can be greatly reduced. A large value inductor is adopted between the input capacitor and the
switches, thus, this novel converter shares the benefits of both voltage-type and current-type circuits simultaneously, and there are
no needs of dead time between two switches. The working principles in different modes are introduced. Results of simulation and
experiments operated at around 1 MHz frequency verify the validity of parasitic components absorption and show that this con-

verter is competent for super high frequency applications.
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INTRODUCTION

Mega-Hz-level super high frequency induction
heating is provided with particular advantages in the
application of metal surface treatment. However,
power oscillators with radio tubes still predominate
these areas because of the frequency consideration.
The fact is that the apparatus built on radio tubes has
many serious drawbacks, such as low efficiency (50%
in normal), short life, and warm-up request.
Solid-state induction heating power supplies, with
fast power electronic switching devices, such as
MOSFET and IGBT, will greatly improve the per-
formances of these apparatus, especially the power
efficiency. Many achievements have been made in
low power apparatus (Czarkowski and Kazmierczuk,
1998; Wang et al., 1998; Espi et al., 2000; Yoshida et
al., 2001; Moisseev et al., 2003; Chang et al., 2004;
Mollov et al., 2004). Comparing with low frequency
circuits, super high frequency converters have to
solve some special problems in circuit design and

CLC number: TM92

producing craft (Calleja and Ordonez, 1999; Dede et
al., 1999; Theodoridis and Mollo, 2004). The first is
the inductive and capacitive parasitic parameters in
devices and circuit wires or routes. The equivalent
impedance of these inductive and capacitive parasitic
parameters cannot be neglected, otherwise they will
cause severe oscillations, as well as the voltage and
current spikes which may damage the switching de-
vices (Chen et al., 2001). The second is the huge
power loss caused by high frequency switching. It is
the reason that super high frequency converters
should have the abilities to absorb these parasitic
components and thus minimize the switching loss.
Both class-D and class-E circuits are quite good to-
pologies in high frequency applications (Czarkowski
and Kazmierczuk, 1998; Hinchliffe and Hobson,
1998; Chang et al., 2004; Lee and Hyun, 2004) and
have been widely used in RF areas. But they are not
suitable for induction heating applications because
the load varies seriously when the metal piece is
heated.
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In this paper, a novel dual-LLC resonant tank
soft-switching converter is proposed, in which both
inductive and capacitive parasitic components in
circuit and devices can be absorbed while all
MOSFET devices operate in the zero-voltage soft-
switching mode. Moreover, this topology has two
more advantages. A large value inductor is inset be-
tween the input bank capacitor and the switches, so
this converter may share the benefit of current-type
circuit, and the dead time between the two switches
are unnecessary. In the load tank, a series inductor is
used as part of the compensator, which greatly im-
proves the load short circuit abilities. The operating
principle of the converter is introduced in detail, and
the key waveforms in resonant tanks are analyzed.
Results of simulation and experiments operated at
around 1 MHz are given.

PRINCIPLE OF THE CONVERTER

The proposed novel converter is shown in Fig.1.
Compared with a normal “H-bridge” type converter,
two inductors L, and L., are employed to replace the
upside switches. There are two LLC tanks in this
converter. One is called “load LLC tank™, which is
made up of L, C, L, and R. (L, and R, are equivalent
inductor and resistor of the induction wire and load,
respectively). Another is called “auxiliary resonant
tank”, including L, (L., or Ly), C, (C,; or Cp), and
load equivalent impedance Z;. It is the auxiliary LLC
resonant tank that helps Q; and @, work in zero-
voltage soft-switching mode. Inductors L,;, L, and L
can absorb the parasitic inductive components of the
circuit, and C,;, C,; can absorb the parasitic capaci-
tors in the switch devices. All these parasitic com-
ponents are used as elements in the resonant loop. So,
parasitic oscillations and high voltage/current surges
caused by these parasitic components can be effec-
tively eliminated. The dead time between O, and Q,,
which is quite common in the voltage-type converter,
is not needed because the inductor Lq4 is set between
the input and the switches. Therefore, this topology is
competent to work at super high frequency. Other
benefits of this topology include that this series-
connected inductor (i.e., Ls in the load tank) can im-
prove the load short-circuit protection abilities of the
converter and has the same function as that of a nor-
mal matching transformer.
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Fig.1 Super high frequency zero-voltage switching
converter for induction heating

Impedance characteristic of load LLC tank

The load LLC tank is made up of induction coil
(equivalent inductor L, and equivalent resistance R.),
parallel compensator capacitor C, and series com-
pensator inductor L. This series and parallel com-
pensator can improve not only the power factor of the
load loop, but also the load short-circuit ability.
Moreover, this configuration has the same function as
the normal transformer to transform the voltage value.
Thus, the output transformer used for load matching
can be omitted. Consequently, the power efficiency
will be improved, and the weight and size of the
power supply can be reduced. The impedance char-
acteristic of load LLC tank plays an important role in
the converter operation and power delivery. The im-
pedance of load LLC tank Z; can be expressed as

VA

L=joL +

ioCH—
R+Ja)Lp (1)

(R-RLCo)+ j(Lw+ Lo~ L,Lo")
1-L Co® + jRCw '

The magnitude and phase are

JR-RLCa'Y +(Lo+Lo-L Lo
J-LCo’Y +(RCaY

Lo+Lo-LILo RCw
@ = arctan R_RLCa’ —arctan 1—2 .

|ZL|:

Fig.2 shows the load LLC tank magnitude and
phase with different frequencies. There are two reso-
nant poles in the load LLC tank: the series pole @, and
the parallel resonant pole @,:
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Fig.2 Magnitude (a) and phase (b) of the load LLC tank
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In order to reduce the reactive power delivery
between the load and the power supply and get the
maximum output power in the load, the switching
frequency of the converter is set at series pole @,. If
the output power should be regulated, one can choose
@>@,. The maximum output at @, can be expressed as

2 (L 2
P, ~”7(7] . 3)

S

2 3 4

Eq.(3) shows that the inductors L, and Ls have
the voltage transformation function, just like the
general voltage transformer.

Analysis of the auxiliary resonant LLC tank

There is another LLC tank in the proposed
converter, called “auxiliary resonant LLC tank”, in-
cluding L., C, and Z;. Fig.3a shows the circuit when
0, is off and Q> is on. Fig.3b is the equivalent circuit
of Fig.3a, where

“)

R =[R*+(wL,)’]/R,,
C,=C,~L/[(wL,)* +R].

There is a similar equivalent circuit when Q) is
on and @, is off. Based on the topology and symme-
try of the converter, one can get

Uyp =Ug ~Uy,> ®)

up :(uQI +uy, )/ . (6)

Fig.3 Auxiliary resonant circuits in case of O,
(a) Steady circuit; (b) Equivalent circuit

In the auxiliary resonant tank, the voltage and
current are governed by

di u du
L—+uy(t)=u,, i, =—2+C,—2,
dt * R dt
. (7)
di,
up =ty /2, Lbyzup.
One can get
d’u, (1) 1 du,() 1
0 0
+ + u,(®)=0. (8
> RC dt 2LC o ®

When R!>./L /(2C,), the solution of this

second-order differential equation can be expressed
as

uy (t) =U 7 sin(@yt + @), Q)

where

o =~1IQRC)), 0 =3 (RC) ~21L,C)),

Uawm 1s the magnitude with the initial value being

duy(0) _ i, (0)
de c'

Uy 0)=0,

There are three kinds of frequency in this con-
verter: the switching frequency f; of the converter, the
load LLC inherent resonant frequency f;, and the
auxiliary inherent resonant tank frequency f4. In most
induction heating applications, phase lock loop (PLL)
is often implemented to keep fi=f.. Moreover, in
order to let O; and Q, operate in zero-voltage soft-
switching mode, these frequencies should be
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fo=f <Je ©)

D is defined as D=f/f4<1. Obviously, as f<fg,
there is an interval when the body diode of the
MOSFET turns on, and at that time, uy(f) is zero.
Thus, in half a cycle, the waveform of uy(f) has two
parts: the resonant trail governed by Eq.(8) and the
zero-voltage trail.

Because the average voltage across the inductor
is zero in steady state, one can get

V=t [ d(wt) =0+ [ u,d(wr). (10
dC_ZJ‘o (u,, +u,)d(wr) = +Zjo u,d(er). (10)

If the value of 0=—(R6’Ca')71 is not so large, the
magnitude of uy(?) is

T
UAM :_Vdc'

2D (n

Thus, in one cycle, the voltages of u,, (¢), u, (1), up(?)

and u,p(f) can be expressed as

0, O<wgt<(3-D)n/2,
or 3+D)n/2<w,t <2m;
—(3— 12
ﬂ/"ce"’sin[a)‘it (3 D)n/Z} (12)
D
B-D)yn/2<wgt<3+D)n/2.
0, O<awyt<(1-D)m/2,
or (1+D)n/2<w,t<2m;
nlfdcemsin[a)dt—(l—D)nQ}

U, ()=

Uy, (6)= (13)

D
(1-D)n/2<w;t<(1+D)n/2.
0, O<wg<(1-D)m/2,
or 1+ D)n/2 < w,;t <(3—-D)n/2,
or 3+ D)n/2 <w,t <2m;
'a)dz—a—D)n/z}

U,(t)= - b
PR (1-D)n/2 < w,t < (1+ D)n/2;

V. .
dc eo—t sin

(14)

anC ot

e’ sin

[ wgt—(3-D)r/2
D b
(B-D)n2 <t <3+ D)n/2.

0, O<wg<(1-D)n/2,
or 1+D)n2<wit<(3-D)n/2,
or 3+D)n/2 <w,t <2m;
Ve o Sir{a)dt— (1 —D)n/2}
D
(1-D)n2<w,t <(1+ D)n/2;

Wie g Sin[a)dt - (3D— D)n/2}

(G- D)n/2 < wyt < (3+ D)m/2.

UAB(t): (15)

Fig.4 shows the voltage waveforms of U,, , Us,

Up with control signals of Q) and Q.
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Fig.4 Voltage waveforms of Uy, U, > Uspand Up

Operation modes of the converter

In the proposed converter, there are six working
modes in one operation cycle.

Mode 1 [t,~t;]: O turns on at this time, however,
the current flows through the body diode D;. So, O,
turns on in zero-voltage condition. When =t;, 0,
turns off. Because a large capacitor C,; is paralleled
with (,, the voltage across O, rises slowly, so the
switching losses of Q1 and Q, will be quite small.

Mode 2 [#~13]: at t,, the current flowing through
D, decreases to zero and starts to flow into Q;.

Mode 3 [t3~14]: at t3, U, o decreases to zero, and

D, starts to turn on. U 0 is clamped at zero, and the

auxiliary resonant stops.
Mode 4 [t4~t5]: O is turned off at ¢, the current

switches to C,, and a new auxiliary resonant in C,,,
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R; and L,; starts to work, U,, rises as governed by
Eq.(8).

Mode 5 [ts~t¢]: at t5, the current flowing through
D, decreases to zero, and starts switching to Q0.

Mode 6 [ts~17]: at ts, UQ1 decreases to zero, and
D, starts to turn on. U,, is clamped to zero, and the
auxiliary resonant stops working.

Fig.5 shows the equivalent circuits of the six

operation modes. Fig.6 shows the key waveforms in
the converter during one operation cycle. U,i/U,, are

gate signals of 01/0,, U, /U, are voltages across

the switches, U,p and U are voltages across points A4,
B and capacitor C, respectively. Ig s Tg,» Ip s Ip, s

¢, » ic, are the currents flowing through the devices

of Q1, O», D1, D,, Cy, Cy, respectively.

Power regulation

In most cases, the output power should be vari-
able. In this converter, two different approaches can
be adopted for power regulation. One simple way is to
change the input DC voltage V4., and the output
power will be changed with changed V.. However, in

Fig.5 Equivalent circuits of the six operation modes
(a) Mode 1 [t1~t2]; (b) Mode 2 [t>~t;5]; (c) Mode 3 [t3~t4];
(d) Mode 4 [t4~t5]; (e) Mode 5 [ts~t5]; (f) Mode 6 [ts~t7]

order to regulate the input DC voltage, an extra
DC/DC converter is required. Inevitably, the total
efficiency of power conversion will be greatly re-
duced, and the cost will be increased. Another
method to regulate the output power is to change the
switching frequency of the converter. This method is
based on the impedance characteristic of the load
LLC tank. Consequently, the PPL technique cannot
be used in this power regulation method.

SIMULATION AND EXPERIMENTAL RESULTS

The parameters of the converter in simulation
are: VdCZISO \/, Ld:200 HH, C31=C32:2.5 l’lF, LalzLazz
5 uH, L&=35 pH, L,=2.4 pH, C=12 nF, the switching
frequency f; is around 1.0 MHz. Fig.7 shows the
simulation results. Obviously, Q; turns on in ZVS
mode, and turns off with very low dV/d¢ rising ratio.
Since the parasitic parameters are absorbed by the
circuit components L,, Ly and C,, the voltage and
current traces are all quite clear.

Fig.8 gives the experimental waveforms of U,

and Up when V. is 54 V. The relationship between the
magnitudes of UQ1 and Up (i.e., UQ,AM =2Upam)

verifies the wvalidity of the theoretical analysis
aforementioned.

-~

Up | I I >
Ve >t
U, /" \\
>t
UQ:
>
UAB \ /—‘ UC
Ui >t
Ue \>< / i’
N
Up >
Iy ™~ I
. >t
Ic,, [~ ~ >t
1 N
iDl N »
: ™~
lo, i >
i, o ™~ >
b, D .
i / “\‘N\ »
—

153 13 t4t5 te 7

Fig.6 Key waveforms in the converter during one op-
eration cycle
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Fig.8 Experimental waveforms of the switch and point P

One method to regulate the output power is to
change f;. Fig.9 shows the U,z and U waveforms in
different switching frequencies of 973 kHz, 1.008
MHz and 1.049 MHz when the PPL is removed. As
the inherent resonant frequency f; of the load LLC
tank is away from f;, the voltage across the load U¢
decreases.

Obviously, when f; is changed, the current,
voltage, output power, and the converter efficiency
would change greatly. Table 1 shows these trends
with different f;, where i;., is the peak current of the
series inductor Ly, iz, is the peak current of the par-
allel inductor Ly, Ug., is the peak voltage of the switch
0, and P, is the output power. These data are meas-
ured when Vg is 200 V.

Fig.10 shows the converter efficiency # with
different f;. In order to obtain high conversion effi-
ciency and maximum output power, f; should be close
to the inherent pole frequency of the LLC tank.

I dY: 355.556 V
Py 188222V

E(1) Uyg 100 V; 400 ns; 973 kHz Uc
£ (2) Ue 100 V; 400 ns; V=54 V

(@)

fdY: 171111V : :
FYis83222V

i(l) U,z 100 V; 400 ns; 1.008 MHz
1(2) Uc 100 V; 400 ns; Vge=55.5 V

(b)

FdY: 88.8889 V : :
Y4822V

;f(1) U4z 100 V; 400 ns; 1.049 MHz
1(2) Uc 100 V; 400 ns; Vg=55 V

(©
Fig.9 Experimental waveforms of Uc and U
(a) £:=973 kHz; (b) £=1.008 MHz; (c) £i=1.049 MHz

Table 1 Voltage, current, and output power with dif-
ferent switching frequencies”

A(KHD)  ip(A) iy (A Ugpy(V)  Po(W)
860 2.3 15.7 805 123.8
880 24 18.2 785 165.7
900 2.3 219 762 2399
920 2.4 27.4 736 375.5
940 2.5 354 715 626.8
960 7.8 45.0 720 1015.1
980 5.0 433 750 937.7
1000 5.0 31.7 750 502.6
1020 4.5 22.3 732 248.7
1040 4.0 16.8 715 140.7
1060 3.7 13.0 700 84.9

* Data measured when V=200 V. /st switching frequency; izs.p, izp-p:
peak currents of the series inductor L and the parallel inductor L,
respectively; Up.,: peak voltage of the switch Q; P,: output power
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Fig.10 Relationship of the power conversion efficiency
and the switch frequency

Fig.11 shows the different load voltages U, with
different compensation inductors L,. Uc increases
from 128 V to 232 V when L, reduces from 35 pH to
26 pH. From this view, L, has the function of normal
voltage transformation.

T E T
dY: 304.444 V
Y166V

UAB

(1) Uyp 100 V; 400 ns; 980 kHz
(2) Uc 100 V; 400 ns; V=54 V
| L L L L L

(@)
dY: 464.444 V
- Y:228.667V + Uc 7

(1) Uy 100 V; 400 ns; 983.9 kHz E
(2) Uc 100 V; 400 ns; V4e=54V

(b
Fig.11 Waveforms of U and U in different L,
(a) L&=35 pH; (b) L&=26 pH

CONCLUSION

A novel zero-voltage soft-switching converter
with dual-LLC resonant tank, which can absorb the
parasitic components in the circuit and devices, is

proposed for super high frequency induction heating
power supplies. Most inductive and capacitive para-
sitic parameters can be used as elements of the reso-
nant tank. Reasonable switching frequency can be
selected according to the circuit parameters and the
needs of application. Thus, high voltage and current
spikes will not appear, and the switching loss can be
greatly reduced. Key waveforms in the converter
from simulation and experiments operated at around 1
MHz are given. The smooth voltage and current
waveforms verify the validity of parasitic components
absorption, and the mega-Hz frequency operation
verifies that this converter is competent for super high
frequency applications.
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