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ABSTRACT

This thesis presents a detailed analysis of the operating principle of a half-bridge resonant
converter circuit with direct AC-AC power conversion from 50 Hz utility supply voltage to high
frequency output voltage around 30 kHz for the application of a small-size high-frequency induction
cooker. The thesis is first started with a concept of circuit development to show how to derive the
proposed direct AC-AC converter from the conventional AC-DC-AC converter with an indirect double
power-conversion. Then, the principles of circuit operation both for the cases of direct converter and
conventional indirect converter circuits are considered to compare how close a relation to each other
the two power converter circuits have by this concept. The high frequency output voltage v, , current
i, and power P, and also the 50-Hz input voltage V,,» current I, and power P, are also calculated
and tested for comparison under changes of the converter switching frequency to find out the power
conversion efficiency and the boiling performance of the proposed direct conversion cooker which
appears to take 4 minutes for boiling time of 0.5 litre of water with a power rating of 620 watts and

conversion efficiency of 96 %.
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Abstract

This paper presents a detailed analysis of a half-bridge resonant
converter with direct AC-AC conversion from 50 Hz utility voltage
source to high frequency output voltage of 30 kHz for the application of
a small-scale induction cooker. The high frequency output voltage V,, ,
current i,, and power P, and also the 50-Hz input voltage Vj,,
current l'_,-,, and power #, will be calculated and tested under the
changing conditions of switching frequency to find out the boiling
performance of the proposed direct AC-AC conversion cooker which
appears to take 4 minutes for boiling time of 0.5 litre of water with

maximum power rating of 620 watts and conversion efficiency of 96 %
Keywords : Direct AC-AC conversion, Induction cooker, Half-Bridge
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Abstract—This paper presents a detailed analysis of
circuit operation under ZVS and NON-ZVS conditions in a
high-frequency half-bridge inverter for a small-size and
low-voltage induction cooker, using the principle of positive-
negative phase-shift control over a wide control range both
in positive and negative directions. A variety of modes of
circuit operation with the voltage and current equations
during phase-shift power control under the operating
conditions of ZVS and NON-ZVS are analyzed as a first
step and the output voltage and current waveforms are
obtained by MATLAB program. These waveforms will be
analyzed by Fourier analysis which can lead further to the
calculation of ac output power F,, dcinput power P, and

hence the conversion efficiency 77 of the half-bridge
inverter. The analysis results shows that the control ranges
of ac output power F, and dc input power P; are limited
by the occurrence of NON-ZVS operating condition, which
changes according to the switching frequency f;.

Index Terms— Half-bridge, Induction cooker, Power
control, Phase-shift, ZVS, NON-ZVS

[. INTRODUCTION

The concept of this research paper is achieved by
interchanging between the following two different ideas.
One is from the idea © presented in the research paper
[1-4] concerning a single-phase full-bridge phase-shift
control under ZVS and NON-ZVS for induction heating
which is suited for high-voltage and high-power
application, while the other is from the idea ® presented
in the research paper [5-7] concerning a single-phase
half-bridge frequency control under ZVS for induction
cooking which is suited for low-voltage and low-power
application. So, by interchanging or mixing these two
ideas or features into one, another new concept of the
research topic for a half-bridge inverter to be presented in
this paper can be achieved as shown by an idea in Fig. 1.

Full- Phase- Enduction ZVS High

High-

1dea @ Bridge B heating ~ IRWAYSEE -Vole © Power
control
Half-  [SEMUISEE [nduction Lo Low- | Low-
s ® [, [
Y 2 3 ry ¥ v
Presented | Half- Phase- Induction VAR Low- | Low-
1dea@® |Bridge | shift cooking |Non-ZVS | Volt Power
control

Fig. 1 The idea to achieve the concept of this paper

1-4244-0645-5/07/$20.00©2007 IEEE

The half-bridge inverter which is obtained by this idea
has a very close relation to the full-bridge inverter. This
can be understood by considering first the circuit
operation of the full-bridge phase-shift inverter with its
operating output voltage and current waveforms
illustrated in the upper part of Fig. 2. The circuit
operation in this case consists of two repeated periods of
modes of circuit operation over one cycle; that is,
powering (P), free wheeling (F) and regenerating (R) for

f=-4a0

Fig. 2 Circuit operation of a half-bridge inverter related to that of
a phase-shift full-bridge inverter

Cy= Cy = Cos+ 4000pF

D] Cy
c___J
| + -
::Ci vD 10

Fig. 3 A half-bridge inverter for a small-size induction cooker

two periods. When transforming into another case of a
half-bridge inverter with its output voltage reduced to
half of that of the case for full-bridge, two active modes
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of powering (P) and regenerating (R) from the total six
modes are to be eliminated, and there are only four modes
of circuit operation remaining for this case, as shown by
an idea in Fig 2. The idea circuit operation in this case
can be made possible, using the actual half-bridge
inverter circuit of Fig.3, where the dc input-side is
supplied with a dc smoothed rectified voltage. Such a
half-bridge inverter with a wide control range of phase-
shift ¢ both in positive and negative directions will be
used in this paper. The inverter will be analyzed in details
for various electrical quantities during phase-shift control
both in positive direction from 0°to 180°and in negative
direction from 0°to —180°,taking ZVS and NON-ZVS
into consideration, since the phase-shift control range in
both directions will be limited when ZVS circuit
operation becomes NON-ZVS operation. These quantities
are, for examples, ac output voltage v, , ac output power

P, , dc input power Py, and inverter efficiency 77, etc.

II. ANALYSIS OF CIRCUIT OPERATION

First, we show a variety of modes of circuit operation
for the main power circuit which are illustrated in Fig. 4
for the case of phase-shift control ( p=0-~180° and

#=0~-180" ). The circuit operation in one cycle of output

voltage and current waveforms v,,i, is shown in 6

modes under the case of ZVS operation ( Modes
OOOOAD ). Fig. 5 shows the linear variation of the
phase difference between the fundamental output voltage

v,.1 and the front edge of square wave output voltage

v, during phase-shift control both in positive and
negative directions. It can be seen that with positive

R e SR 1,
6 o5 Lok

Lot

+ ZVS
Fig. 4 Circuit operation for the case of ZVS at phase-shift
¢=72", 0" and—72°

120

phase-shift from ¢ to +180°, the phase angle of the
fundamental output voltage v,; will move away from

the font edge of output voltage v, with an increasing
leading angle. This makes the zero-crossing of output
current I, move toward the font edge of output voltage

Vv, , where NON-ZVS operation may occur, but in case of
negative phase-shift control, the NON-ZVS operation
may occur at the tailing edge of square wave voltage v, ,

and in case of zero phase-shift control, NON-ZVS
operation may occur both at the front and tailing edges,
especially when the operating frequency is not high
enough. In Fig. 6, we also show the circuit operation in

one cycle of output voltage and current waveforms v,,

i, in another 6 modes under the cases of the following
NON-ZVS operation : (1) Modes OOOODQ for
phase-shift g=72° can cause a breakdown to the upper
switch , by considering Mode @. (2) Modes
QOOD®O for phase-shift @¢=0"can cause a
breakdown to the lower switch, by considering Mode @
and to the upper switch, by considering Mode @. (3)
Modes Q@O @@ for phase-shift ¢ =—72° can cause
a breakdown to the lower switch, by considering Mode
©. So, there are three possibilities for the half-bridge

inverter switches to become breakdown ( the upper
switch, the lower switch, or both ).

-]
=

[=a)
=

[ -
[

L L
-40  -80 -120 -160 -200

%00 160 120 80 40 0
Phase-Shift, ¢ (degrees)

-100 i

Fig. 5 Linear variation of phasc angle § of V, 1 vs. phase-
shift angle @



Fig. 6 Circuit operation for the case of NON-ZVS at phase-shift
$=72", 0"and-72°

III. VOLTAGE AND CURRENT EQUATIONS IN EACH
MODE OF CIRCUIT OPERATION

From these modes of circuit operation, various

equations of output voltage v, and output current i, can

be also calculated and obtained in the following four
cases of different equations :

Case ( 1) Equations ® @ @ © @ @ for ZVS operation
Case (2 ) Equations @ @ @ @ @ @ for ¢ > 0"
Case ( 3 ) Equations @ © @ @ ® @ for ¢p=0"
Case ( 4 ) Equations © @ @ @ @ ® for ¢ < 0

Va

e_m VdanaLI
a L

Y, =

OO)

iy

]sin -+ Icosa),t:{

1 ar g
Vo = —————| e % (Asin@,t+ Beosant)+ D [+V
o (a2+m;)£ ( : 20)+ D] +V,

. e T [(Vi-2v -V +¥/ . ®0
ip= " |_ 7L —al [sinw,t+ @, ] cosat
Vo= 0
) _ -V—-alLl
ip=c¢e “’[[—)sina)lulcoswlr] ©®
oy L
v, = ,;[e""(Asina),r+Bcoswzr)+D]+V,'
C,(a’ +a?)
. e[V, 2 -V, 4V, , 00
ip= ——————al |sinayt + @, I cosant
@, 2L

Where ;

Vi : the initial value of voltage Ve,

v’ : the initial value of voltage V¢

I : the initial value of load current i, in each mode of circuit
operation

V' : the initial value of load capacitor voltage in each mode of
circuit operation
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_ R
S
1 (R
S Lc 2L
e (e} B
*~ \WrLc 2Ly, ) 2L
A = {=RC4(-Vq +Vi +¥))a* + 0} ) - LI(a* + @)

+a(Cy JCN=V4 +Vi +V] )+ a(V +V7)

+aLCu (Vi + Vi +V )@ +@}) }( 1f2Lw,)
B = {(CafC) (-VatVi +W1)+(V +V1)

—LCy (=Va+V +V)) (@ +@2) } (1/2L)
D = [-(Cu[C) (-Va+Vi+¥)=(V +¥7) } (1/2L)

where the above equations in cases (2 ), (3 ) and (4 ) are
those of NON-ZVS. Fig. 7 shows the calculated and
experimental results of output voltage and current
waveforms under ZVS operation, using the equations in
case (1) with the use of MATLAB program. The
calculated waveforms are obtained with phase-shift
¢=72",00,—72° at switching frequency of 29 kHz. It can
be observed that the peak value of output current
waveforms becomes the highest at phase-shift ¢ =0"and
then become decreasing with the increase or decrease of
phase-shift from 0° to 72°or 0°to-72°, respectively.
Moreover, at only the mid-point of phase-shift ¢=0°,

the output current i, can be obtained with almost a
sinusoidal waveform. These calculated waveforms with

.Experimcm *
p:hase-shiﬂ Qz‘ff H

T R B I, [

Axpériment \_/

phase-shift ¢= D“

Tajay
(v
ey

firacers s 11n0v Feb T8ansi y 5.
[FTracere s AW Frpe InTBE Dy SN

i
[ 730}
NORBE 1L /2

Experiment Q
phase-shift ¢ =-;72°

[«Tracaie P 1328 Frbg use
<Trscare Pms  dbme  Freq 7w

ouly 0.1k
oy sa

Fig. 7 Calculated and experimental output voltage and current
waveforms under ZVS operating condition at 29 kHz :
50 V/div, 5 Adiv, 5 ps/div
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Fig. 8 Calculated and experimental output voltage and current
waveforms under NON-ZVS operating condition :
50 V/div, 5 A/div, 5 ps/div

the principle of circuit operation are also verified by
comparison with the experimental ones. Fig. 8 shows the
calculated and experimental results of output voltage and
current waveforms under NON-ZVS operation, using the
equations in cases ( 2 ), ( 3 ) and ( 4 ) with the use of
MATLAB program. The calculated waveforms are
obtained with phase-shift g=72"0°,-72° at switching
frequency around 28 kHz, 26 kHz , and 28 kHz,
respectively. These calculated waveforms with the
principle of circuit operation are also verified by
comparison with the experimental ones. Also, it is
observed that at different phase-shift control, NON-
ZVS operation occurs at different position of the output
voltage waveform ( front edge at ¢ = 72° : breakdown to
the upper switch, tailing edge at g =—72° : breakdown to
the lower switch, and ¢=0" : breakdown to both

switches ).

IV. ANALYSIS OF QUTPUT POWER P, , DC INPUT POWER
P, AND EFFICIENCY

The calculated output voltage v, of Fig. 7 can be

analyzed into various component waveforms as shown in
(5), by Fourier analysis. Then, applying these component
waveforms as the input voltage to the RLC load

equivalent circuit, the current equation #, can be
obtained as shown in (6). Again, the voltage v, in (5)

can be used to find out the rms values of output voltage in
terms of ac-dc components (Vo,rms(ac,dcy)> dc
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component (¥, pms(dey ), aC component (Vo,rms(ac) )» and
fundamental component (¥, (1)) as shown in Fig. 9.

v, =(£_i}Vd +-I:~r"f[sin{7r—¢)cosa)_,r+(1—cos(:r—gi})sinwst}
+;/—;[sin 2(7—g)cos2a,t+(1-cos2(z - §))sin 2a,7] (5)

+;—:r[sin3(x—¢)ms3w,r+{1—cos3(:r—¢))sin3m,::|+_ .

V.

X ante- -3

+{1-cos(7—g)}sin(a,t-6))]

v,
ZJz'dZJ_ [sin(27—2¢)cos(2a,1-6,)

-+

()

+{1-cos(27-2¢)}sin(2@,1- 6, )]

A

v,
3;23 [sin(37—3¢)cos(3m,1—6,)

+{1-cos(37-39)}sin(3w,1-6;) ]+ ...

cos 6, =cos(tan“ [L;U’“%QD, cm(lan"[wn 3 (7)

ms(t:m‘1 [—-—3w’L~ (I/M,"C)D
R -

| §

wal,1086;+ « o o (8)
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These equations can also lead to the calculation of ac
output power F,, using the definition of P, in (8). Fig.
10 shows the output voltage and current waveforms

v, »i, with the phase difference angle of each harmonic.
With phase-shift g=+72° and g=-72° there will be
harmonic order of 1, 2, 3, 4, 5, . . . and with phase-shift
#=0 there will be harmonic order of 1, 3,5, ... . From

this harmonic content, it can be seen that from the second
harmonic order upward, each pair of output voltage and
current waveforms will have the phase difference angle

Fig. 10 Output voltage and current waveform V,, , io with
the phase difference angle of each harmonic
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almost equal to 90°, since the RLC equivalent circuit of
the load now becomes equivalent to almost a pure
inductive reactance and consequently can not generate
any output power . So, it is quite reasonable to calculate
approximately the output power from the fundamental
pair of output voltage and current waveforms without
considering other harmonic orders. The calculated result
and the experimental one are shown for comparison in the
same graph of Fig. 11 with each switching frequency held
constant at 27 kHz, 28 kHz, 29 kHz, 30 kHz and 31 kHz,
during change of phase-shift ¢ from 0° to both the
positive and negative directions. From the starting point
of phase-shift (¢=0°) to both the positive and negative
directions, it is observed that there is a certain limitation
for the control range of phase-shift for each characteristic
curve of output power P, under a constant operating
frequency. This can be understood by considering first

the waveforms v, ,i, at zero phase-shift (¢ =0°) and
switching frequency f, =27kHz and also the waveforms

Vv, ,I, at the same zero phase-shift but at switching
frequency f, =31 kHz. It can be seen that the phase
difference between the output voltage and current
waveforms v, ,, for these two cases are quite different.

Higher switching frequency of 31 kHz can results in a
larger phase difference due to lower level of output
power. So, higher switching frequency can result in a
wider control range of phase-shift under ZVS operation
and when NON-ZVS operation is encountered the control
range begin to be terminated.

+¥=150 v
400 |- @ Experiment._ [ .. ... - EO— T—

W)

W
(=
(-]

Output Power, B (
[y [
=3 =
[—] >

Fig. 11 AC output power P, vs phase-shift ¢ at switching frequency
s =27kHz, 28 kHz, 29 kHz, 30 kHz and 31 kHz



For the calculation of dc input current I,, the output
current £, can be used again to calculate the dc input

current I, , since the current flow on the dc input side for
a certain time duration is the same as that on the ac output
side. The calculated result of this dc input current I, is

obtained as shown by an equation in (9) and is also
obtained as shown in a graph of Fig. 12.

Va
2722,
+{1—-cos(z—p)H-cos(z~ -6, ) +cos(—6,)}]

9

Y = [sin(27—2¢){sin(27~24~6,)—sin(-6,)}

I;=

[sin(x—g){sin(x~@-6,)-sin(-8, )}

i
2x22 7t

+H{1-cos(27-2¢)H{~cos(27 296, )+ cos(-8,)}]

+W:rzz-;[sin(3fr—3¢){sin(3:r—3¢—63)—sin(—&,)}

+{1Acos(3z—3¢)}{—cos(3ﬂ_3¢‘93)*cos(_as)}] tees

B o= Vil (10)

Where

e
&

Input current, 1, d (A)

=
ke

=
[

0 L L i ; i
200 160 120 80 40 0 -40
Phase-Shift, ¢ (degrees)

-80 -120 -160 -200

Fig. 12 Variation of dc input current I vs phase-shift ¢
at switching frequency S = 29 kHz
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The dc input current {, can be also used to calculate
the dc input power P;. The calculated result with the

experimental one are also shown in the graph of Fig. 13
with each switching frequency held constant at 27 kHz,
28 kHz, 29 kHz, 30 kHz and 31 kHz, during change

%
*k Iz
0 s
500 : :: -
-"'O‘Cfalculati(im .......... ;
~ 400 } @ Expeviment. | i
I S R | PO e
A&300
g
=
£ 200
R
=
=
= 100
0
108
L Y 7

o o
Fig. 13 DC input power P, vs phase-shift ¢ at switching frequency
Jfs =27 kHz, 28 kHz, 29 kHz, 30 kHz and 31 kHz

of phase-shift ¢ from 0° to both the positive and
negative directions. From the starting point of phase-shift
(¢=0°) to both the positive and negative directions, it is
observed that there is a certain limitation for the control
range of phase-shift for each characteristic curve of dc
input power P, under each constant operating frequency.

100 , : : : ;
SO R TTITITTPT PO
_p e SO - T N———
<60 _ ............ .Experiment ........... .............
. : i : : i
5
5
‘s 40
£
=

0 : :

-36 .72 -108

108 72 36 0
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Fig. 14 Inverter efficiency vs phase-shift ¢ at switching
frequency f =27 kHz
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Fig. 15 Inverter efficiency vs phase-shift ¢ at switching
frequency f, = 31 kHz

Then, the ratio of output power P, and dc input power
F; makes possible the calculation of the half-bridge
inverter efficiency 7 vs. phase-shift ¢ which is plotted

in various curves, each of which is held at constant
frequency of 27 kHz, 28 kHz, 29 kHz, 30 kHz and 31 kHz.
The calculated results are shown as some examples in
Figs. 14 and 15 for 27 kHz and 31 kHz respectively and
they are verified by comparing with the experimental
ones in the same figure. The result shows that the
efficiency is almost constant at 96 % over the whole

control range of phase-shift ¢ which is not constant but

the control range will change according to the switching
frequency ; that is, a wider control range of phase-shift ¢

will be obtained with a higher operating frequency.

V. CONCLUSION

The detailed analysis of circuit operation under ZVS
and NON-ZVS switching conditions in a high-frequency
half-bridge inverter for a small-size and low-voltage
induction cooker, using the principle of positive-negative
phase-shift control has been already presented both
theoretically and experimentally. There are four main
important points to be concluded here as follows :

1. In case of the positive phase-shift control of output

voltage V,, the phase angle of fundamental output
voltage v, 4

will lead the front edge of square wave

voltage v,. This makes the zero-crossing of output

current #, move toward the front edge, where NON-ZVS
operation may occur. Oppositely, in case of the negative
phase-shift control, the NON-ZVS operation may ocecur
at the tailing edge of square wave voltage v, , and in case
of zero phase-shift control, NON-ZVS operation may
occur both at the front and tailing edges, especially when
the operating frequency is not high enough. All these
three cases of the occurrences of NON-ZVS operation
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can be avoided by increasing the operating frequency in
order to move the zero-crossing of current Z, away from

the front and tailing edges.
2. In phase-shift control, the maximum ac rms output

voltage will be obtained at phase-shift ¢ =0 and when
phase-shift angle @ is increased away from zero degree,
the ac rms output voltage ¥, ,my(ac) and consequently

the output current Z, and finally the output power P,

will become decreasing symmetrically both in positive
and negative phase-shift control.

3. Similarly, when phase-shift angle @ is increased
away from zero degree, the dc input current I, and
consequently the dc input power P, will become

decreasing symmetrically both in positive and negative
phase-shift control.

4. During phase-shift control, there is a certain
limitation for the control range of phase-shift for each
characteristic curve of output power P, under a constant
operating frequency. Higher switching frequency can
results in a larger phase difference due to lower level of
output power. So, higher switching frequency can result
in a wider control range of phase-shift under ZVS
operation and when NON-ZVS operation is encountered
the control range begins to be terminated. At this point, if
further increase of phase-shift is required, this is also possible
by increasing the switching frequency to a higher value and
when NON-ZVS is encountered the same process can be
repeated again.
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Abstract
This paper presents the operating principle and analysis of a high
frequency resonant half-bridge inverter with output power control by
PDM pattern 100/100, 99/100, ... :

2007200, 199/200, ... or 300300,

299/300, ... for the application of a small size high-frequency induction
cooker. The principle of circuit operation is first described, which can
lead to the calculation of output voltage and current waveforms Vosly
of PDM 50/100, PDM 100/200 and PDM 150/300 with the harmonic
content of PDM 50/100 analyzed as an example for use in the
calculation of output power f‘:) . Input power Pa' and conversion
cfficiency 77 . Moreover, the PDM pattern of 300/300, 299/300.... has
been selected for test for boiling performance of the cooker which
appears to take 3.5 minutes for 0.5 litre of water with PDM 300/300,
Duty Ratio 1.0 and output power 820 watts.
Keywords : PDM, Induction cooker, Half-Bridge, HF-Inverter
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