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Abstract

When such an uneven work as a gear is hardened by in-
duction heating, it is known that concave portions of the work
are heated at a lower frequency and convex portions are
heated at a higher frequency which is almost three times as
much as the lower frequency. It is desirable that the work is
heated by both frequencies at the same time but it is impos-
sible for a conventional resonant inverter. Then we proﬁose
a dual frequency output quasi-resonant inverter which posi-
tively generates higher harmonics. The proposed inverter has
a feature that the 1st order (fundamental) current and the
3rd order current are controlled by manipulating the short-
ing time of the resonant capacitor. The present inverter is

applicable to dual frequency induction heating.

1 Purpose and feature of this study

The purpose of this study is to propose a novel quasi-reso-
nant inverter which can be applied to dual frequency induc-
tion heating.

When such an uneven work as a gear is hardened by in-
duction heating, it is known that convex portions of the work
are heated at a higher frequency fH and concave portions of
the work are heated at a lower frequency fL It is known that
the ratio f;, to f, nearly equals 3.3 [1]. That is

Jial =33 | (1)
It is impossible for a conventional resonant inverter to sup-
ply current for a Joad at both frequencies f,, and f, at the same
time because the output frequency depends on the resonant
frequency of the load circuit [2],[3]. In order to solve the
problem, we designed a new quasi-resonant inverter whose
output frequency was adjustable and we reported a control

method of the frequency and the power [4]-[6]. The reported
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inverter has two series resonant capacitors and the equiva-
lent resonant frequency was variable by shorting one reso-
nant capacitor. As a result, it became possible to supply two
currents for the induction heater alternately, whose frequen-
cies were adjusted to f,, and f, in (1). However, it is the best
way for simultaneous dual frequency induction heating that
the two currents are supplied at the same time.

Then we propose a novel dual frequency output quasi-reso-
nant inverter by improving the reported invertef, which posi-
tively generates higher harmonic currents although a con-
ventional resonant inverter does not generate higher harmon-
ics. The proposed inverter has a feature that the 1st order
(fundamental) current and the 3rd order current are controlled
by manipulating the shorting ﬁme of the resonant capacitor.
And the fundamental frequency is adjustable. Equation (1) is
approximately satisfied on condition that the absolute value
of the 3rd order current is made nearly equal to the absolute
value of the fundamental current. Although the ratio fytof,
does not equal exactly 3.3, the relative error of the skin depth
is under a few percents. Because the skin depth is inversely
proportional to a square root of the frequency. Besides, ac-
tual heated depth depends on a material and a shape of a
work, and the heating time. Thus the error of the frequency
is not a serious problem. According to the present inverter, it

is possible to heat at two frequencies at the same time.

2 Circuit configuration and operation principle

Fig.1 shows a proposed inverter circuit using Power
MOSFET's as the switching devices because each on-state
resistance is small. In Fig.1, R represents equivalent resis-
tance of an induction heating circuit including an iron-core
matching transformer and L means equivalent resistance of

the circuit. This inverter consists of a current generating cir-
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Fig.1. Proposed inverter circuit.

cuit (a) and a polarity providing circuit (b). The output termi-
néls p-p’ of the circuit (a) are connected to the R-L load through
the direction switches S — S, . The circuit (a) corresponds to
the previously reported quasi-resonant inverter {4]-[6]. C, is
the first resonant capacitor which is determined by the low-
est operation frequency and C, is the second resonant ca-
pacitor which is determined by the highest operation fre-
quency [4],[5], where C, » C,. Each of S-S, is a two-way
switch which provides the direction of the output current .
The body diodes of MOSFET's are used for the reverse-block-
ing diodes D,, D, and the antiparallel diodes of the direction
switches S —S,.

Fig.2 shows typical operation waveforms of the generat-
ing current igm, the output current i and the second capacitor

voltage v, , and modes classifications. The operation of the

c2’
circuit (a) in each mode is disclosed as follows on condition
that Q-Q,,D-D, and S - S, are ideal switching devices,
provided that S — S, are made on.

1 )‘mode (D : The initial current is supplied under LC, reso-
nant state with Q,, Q, on.

2) mode ) : The capacitor C, is charged under LC, reso-
nant state, because of C, « C,, with Q, off and then D, on.
When the generating current igm becomes zero, the diode D,
D, turns off.

3) mode @ : The generating current ig”l is blocked by the
diode D,, D, . The power source is separated from the circuit

by the switch Q, off.
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Fig.2. Typical operation waveforms

and modes classifications.
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(a)f=10kHz

(b) f=15kHz

(c) f=20kHz

( Horizontal axis : 20 ps/div , Vertical axis : 5 A/div)

Fig.3. Experimental waveforms of output current i .

Table 1. Parameters.

Equivalent resistance R 1.9 @

Equivalent inductance L 46 uH
Ist resonant capacitance C, 1.0 uF
2nd resonant capacitance C, 0.1 nF

4) mode @ : The capacitor C, is discharged and the reverse
current l'gm flows under LC , resonant state with Q,,Q,on.
When the voltage v, of capacitor C, returns to zero, the di-
ode D, turns on.

5) mode ®) : The reverse current igwI is decreasing under
LC, resonant state with D, on automatically. When the cur-
rent igm becomes zero, the diode D,, D, turn off.

6) mode ®) : The circuit is in a state of quiescence until the
beginning of the next cycle.

The output current / which flows through the load is ob-
tained, provided that S S, and S,-S, are properly actuated
such as shown in Fig.2. The fundamental frequency is ad-
justable by changing the period T and also the relative har-
monic content is adjustable by changing the second capaci-

tor shorting time 7.

3 Experimental waveforms

A prototype inverter system is manufactured and the pa-
rameters are shown in Table 1. In this circuit, the numbers of
the series switching devices in every operation mode are many,
that is 6, then MOSFET is useful because its on-state resis-
tance is low. Each MOSFET used in this inverter is 2SK1522
(Hitachi). The ratings and the electrical characteristics of it
are listed in Table 2.
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Table 2. Ratings and Electrical characteristics of MOS-

FET (2SK1522).
Drain-to-source voltage V. 400 Vv
Gate-to-source voltage V?S 3V
Drain current 7, 25 A
On-state resistance R, 0.11 @
Gate-to-source capacitance C, | 8700 pF
Turn-on time ¢, 335 ns
Turn-off time ¢, 850 ns

Examples of the waveforms of the output current i are il-
lustrated in Fig.3 when the d.c. power voltage E = 50 V, the
off time T o = 4 us and the operation frequency f = 10 — 20
kHz. As shown in Fig.3, it is clear that the prototype inverter
operates in accordance with the theory in Fig.2 and the op-
eration frequency is adjustable. The higher the operation fre-
quency is, the smaller the absolute value of the output cur-
rent iis because the equivalent resonant capacitance becomes

smaller.

4 Harmonics characteristics

4.1 Analytical results

The relative harmonic content of the output current 4_is
defined as (2).

In
)\, = —

= (n=1,3,57--)

(2)

where _is the effective value of the n-th order output current

and / is the effective value of the output current. Whenn = 1,
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Fig.4. Analytical harmonics characteristics of output current.

I, means the effective value of the fundamental output cur-
rent. The relationship between the harmonic current /, and

the effective current  is given by

2L+ IS+ L+ =10

©)
Thus the sum of the square of each relative harmonic content

is obtained by

AP+ A AL+ A = 1 @

2,7 means the relative harmonic content of the electric power
in (4).

Fig.4 shows the analytical harmonics characteristics of the
output current which is calculated using the parameters on
Table 1 after solving the circuit equations every mode in Fig.2
and obtaining the output current £ It is clear that each of the
relative harmonic contents A depends on the resonant ca-
pacitor shorting time 7. Further, the painted areas in Fig.4
disclose that the relative harmonic contents of more than 5th
order are smaller than the 3rd order content when the funda-

mental content almost equals to the 3rd order one. That is

AS,)\.7,""<A3,where7»1z)»3, (5)
In terms of power,
}"52’ /’\72,""«)\-32,\7\7}161'32\'1::}‘3- (6)

Then the higher harmonics of more than 5th order are ne-
glected on condition that the resonant capacitor shorting time
T, is such manipulated as Ay = Ag. More over it is consid-
ered that the output current hardly contains higher harmon-
ics except the 3rd order harmonic wave at the higher opera-

tion frequency.
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4.2 Experimental results

Fig.5 shows the experimental harmonics characteristics df
the output current. The experimental characteristics in Fig.5
are very similar to the analytical characteristics in Fig.4. In
Fig.5, it is obvious that each of the relative harmonic con-
tents A_is adjustable by changing the capacitor shorting time
T,. Further, in the painted areas in Fig.5, the relative har-
monic contents of more than 5th order are smaller than the
3rd order content when the fundamental content almost equals

to the 3rd order one.

5 Harmonics control

The absolute values of the fundamental current and the
3rd order current are controlled using the analytical results
because it is considered that the analytical results in Fig.4
represents the experimental results in Fig.5.

In the painted areas in Fig.4, the 3rd order current about
equals to the fundamental current and the relative harmonic
contents of more than 5th order can be neglected. Then equa-
tions (7) and (8) exist.

AP A+ A

~ 2’ (7)
Ay =2 (8)
Equation (4) therefore becomes as
1
M= (9)
Namely
1 ‘
Alz—2—=0.707 (10)‘
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Fig.5 Experimental harmonics characteristics of output current.

Accordingly the 3rd order current I, which almost equals to o 16 g ;
the fundamental current /, can be supplied to the load if A, is £ E 14 ?\

&l :
controlled as (10) by manipulating the second resonant ca- g MCRE \\

. =3

pacitor shorting time T, where their frequencies f.»f; practi- '5 5 10

Qo
cally satisfy (1) . At that time the higher harmonic power §% 8 \\

. =R

equals to the fundamental power. S~ 6 \\

= a0

The resonant capacitor shorting time T,* giving §§ ¢ \\
. . . 3 80 X
Ay =0.707 can be obtained in every operation frequency f & 2 :\\
0 i

by the analytical results illustrated in Fig.4. The relation be-
tween fand T,* is shown in Fig.6. According to regression
analysis, an approximate equation of the characteristic curve

in Fig.6 is obtained as
I," =333 -287f+0.120 2~ 000221 /* (1)

where the unit of f is kHz and the unit of 7,* is ps.
The manipulated variable T, * for the harmonics control is
calculated by (11).

Experimental results of the harmonics control using (11)

5 10 15 20 25 30
Operation frequency f [kHz]

Fig.6 Relation between the operation frequency fand the
capacitor shorting time 7,* giving A; = 0.707 .

are disclosed in Fig.7. According to Fig.7, it is apparent that
the fundamental current and the 3rd order current are such
controlled that their values become nearly equal in every

desirable operation frequency. Although the output current
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Fig.7 Experimental results of the harmonics control.
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has higher harmonics whose order are greater than 5, each
content is a little. The higher order power is negligible even
though higher order current is contained because the power
is proportion to the square of the current. Thus there is not a

serious problem.

6 Conclusions

A novel dual frequency output quasi-resonant inverter
which positively generates higher harmonic currents has been
proposed. The present inverter has a feature that the funda-
mental current and the 3rd order current are controlled by
manipulating the shorting time 7', of the second resonant ca-
pacitor C,. The absolute value of the fundamental current ,
and the absolute value of the 3rd order current I, are made
nearly equal by the control. More over the fundamental fre-
quency is adjustable. According to this inverter, simultancous
dual frequency induction heating can be possible. |

In the future, how to determine the optimum value of the
resonant capacitance C, and C, should be discussed in order
to decrease the higher harmonic current of more than Sth

order in every operation frequency.

(Manuscript received Mar. 22, 2000, revised Sept. 11, 2000)
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