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An Improved L LC' Resonant Inverter for
Induction-Heating Applications With
Asymmetrical Control
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Abstract—This paper proposes a modified L LC resonant load
configuration of a full-bridge inverter for induction-heating ap-
plications. The LLC load configuration is a combination of a
series inductor, a matching transformer, and an inductor and a
capacitor connected in parallel. The output power is controlled
using the asymmetrical voltage-cancellation technique. With the
use of a phase-locked loop control, the operating frequency is
automatically adjusted to maintain a small constant lagging phase
angle under load-parameter variation during the heating process.
The proposed configuration has the benefit of smaller inductance
and inherent short-circuit protection capability in case a short
circuit occurs at the induction coil or from transformer saturation.
The validity of the proposed method is verified through computer
simulation and hardware experiment at an operating frequency
range of 108.7-110.6 kHz.

Index Terms—Asymmetrical control, induction heating, zero-
voltage switching (ZVS).

I. INTRODUCTION

NDUCTION heating is a well-known technique to produce
Ivery high temperature for applications like steel melting,
brazing, and surface hardening. In each application, an appro-
priate frequency must be used depending on the workpiece
geometry and skin-depth requirements [1], [2]. In general, the
induction-heating technique requires high-frequency current
supply that is capable of inducing high-frequency eddy current
in the workpiece that results in the heating effect [1]. A large
number of topologies have been developed in this area. Current-
fed and voltage-fed inverters are among the most commonly
used types [2]. Recent developments in switching schemes and
control methods have made the voltage-source resonant invert-
ers to be widely used in applications that require output-power
control capability. For example, in pulse-frequency modulation
(PFM), the output power can be controlled by varying the
switching frequency while the inverter operates under zero-
voltage switching (ZVS) scheme [3]. The pulse-density modu-
lation method regulates the output power by varying the period
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in which the inverter supplies high-frequency current to the
induction coil [4], [5]. The phase-shift (PS) control technique
in [6] and [8] varies the output power by shifting the phase of
the switch conduction sequences. The asymmetrical duty-cycle
control technique employs an unequal duty-cycle operation
of the switches in the converter [9]-[12]. The asymmetrical
voltage-cancellation (AVC) is then proposed in [13] and [14]
where the authors describe voltage-cancellation for conven-
tional fixed-frequency control strategies. In [15], the AVC is im-
plemented in a full-bridge series-resonant inverter. The series-
resonant inverter needs an output transformer for matching the
output power to the load. Most induction-heating applications
require accuracy in output-power control capability. For exam-
ple, cooking appliances require accurate power control over a
wide range of power for different cooking purposes where a
ZVS condition must be met to ensure high efficiency [16]-[23].
By using the mentioned techniques in fixed frequency and the
optimum duty cycle for ZVS operation, it is rather difficult to
control the output power due to variation of parameters in the
resonant load during the heating process. In high-temperature
applications, a high current must flow in the surface of the
metal for heating effect. The series-resonant inverter may need
a transformer for matching the output power and high current
in the induction coil. Previous work has shown that an LLC
configuration can offer a better performance than the series
resonant while providing short-circuit immunity and lower
current on the transformer’s secondary [24], [25]. Note that the
closed-loop PFM method presented in [25] may sacrifice the
efficiency due to switching losses at high-frequency operation.
However, the LLC resonant load offers better performance
with high-quality factor (@ > 30) and only requires a small
series inductance in the circuit configuration. This implies that
the output transformer can be omitted. The disadvantage of the
LLC resonant load is that the output current may no longer be
sinusoid in the case of low @ (Q < 10) [26]. The current in the
induction coil is unavoidably small and distorted. Therefore,
system efficiency is a price to pay.

In this paper, an improved L LC resonant inverter with asym-
metrical control technique is proposed. The aim is to control the
output power for high-temperature applications including steel
melting, brazing, and hardening, where the load parameters and
resonant frequency vary substantially throughout the system
operation. The operating frequency is controlled using phase-
locked loop to track for the resonant frequency. The output
power is controlled by adjusting the switch duty cycle.

0278-0046/$26.00 © 2010 IEEE
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Fig. 2. Equivalent circuit.

The difference between this paper and [15] is that the focus
of [15] is on a series-resonant load for cooking applications
where the load temperature is low and parameters remain
rather constant. In this paper, however, the LLC' resonant
tank is designed with a matching transformer in between the
series inductor and paralleled LC' resonant tank. The impor-
tant advantage of the proposed topology is the short-circuit
protection of the transformer and the induction coil. This pa-
per is organized as follows. The circuit configuration and the
principle of operation of a full-bridge LLC resonant inverter
is described in Section II. Section III presents an analysis of
steady-state operation. In Section IV, the asymmetrical control
strategy is proposed. Analyses of switching and conduction
losses are provided in Section V. A design procedure is given in
Section VI. Simulation and experimental results are discussed
in Section VII. Section VIII concludes this paper.

II. FULL-BRIDGE LLC RESONANT INVERTER
A. Circuit Description

Fig. 1 shows an LLC resonant inverter configuration for
induction-heating applications. The inverter consists of four
switches with antiparallel diodes, a resonant capacitor (C),
a series inductor (L), and an induction coil that comprises a
series combination of a resistor (R.q) and an induction coil
inductor (Leoin) [271, [28]. A dc blocking capacitor (Cp) is
inserted in series with the transformer primary. The equivalent
circuit of the full-bridge LLC' inverter system in Fig. 1 is
shown in Fig. 2 where the input voltage can be viewed as
an asymmetrical ac voltage supplied to the system. With a
negligible value of (Y, it is noted that capacitor C, inductor L,
and resistor R represent the equivalent capacitor C,,, inductor
Leoil, and resistor R, referred to the primary side of the
transformer, respectively. The stray capacitance of MOSFET
switching device S, S3, S3, and Sy are denoted as Cygg1,
Coss2, Cosss, and Cossq, respectively. The total impedance of
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the asymmetrical voltage source (v,) is denoted by Ziota). The
current ¢, and ¢,, are the input and output currents, respectively.

B. Modes of Operation

As shown in Fig. 3, eight modes of operation exist within
one switching cycle when the stray capacitances are taken into
account. The corresponding waveforms and circuit topology
for each mode of operation are shown in Fig. 3(a) and (b),
respectively. The analysis is as follows.

1) Mode 1 (to—t1): While switches S and S5 are off, at

t = tg, switches S and S, receive positive gating signals.
The negative input current (i) flows through diodes D,
and Dy.

2) Mode 2 (t1-t2): At t = t1, as soon as the antiparallel
diodes D and D, are off, switches S and S; conduct,
and the ZVS operation is achieved. During this mode, the
positive input current (i) flows.

3) Mode 2’ (to—th): At ¢ = to, after switch Sy is off, the
current flows in the same direction. The charge in Clgg3
is gradually decreasing, whereas the charge in Coggy
is slowly increasing. At this stage, the output voltage
changes from + V. to zero.

4) Mode 3 (th—t3): Att = t,, while switch Sy still conducts,
switch Sy is turned off, and the antiparallel diode Ds
conducts. After the switch dead time, switch S5 receives
a positive gating signal.

5) Mode 3’ (t3—t4): During this period, all switches are
off simultaneously. A part of positive current 75 flows
through the antiparallel diode D3 and C\sg0. At the same
time, the charge in capacitor C,sso decreases, whereas the
charge in capacitor C\gs1 increases. In this operation, the
output voltage v, changes from zero to — V.

6) Mode 4 (th—t4): At t = tf, switch Sy is already turned
off. Similar to that in Mode 1, diode D5 starts conducting
positive input current 75 together with diode Ds. After
the switch dead time, switch Sy receives a positive gating
signal. The shifted angle « is from ¢y to the moment
switch S5 is on.

7) Mode 5 (t4—t5): At t = t4, when the antiparallel diodes
Dy and Ds are off, switches Sy and S3, which already
received positive gating signals, conduct, and the ZVS
operation is achieved. During this mode, the current i,
becomes negative.

8) Mode 5’ (t5—t5): Att = t5, after switches Sy and S5 are
turned off, the negative current ¢ flows through the stray
capacitors Cogs1, Coss2, Cosss, and Cossq. The charges in
Coss1 and Cloggy decrease, while the charges in Cogs2 and
Closs3 increase. At this point, the full cycle of operation is
accomplished. In this operation, v, changes from — V. to
+Viac. The next operating cycle continues, repeating from
Modes 1 to 5'.

In many cases, the stray capacitance may be neglected, and
the modes of operation for one switching period are reduced to
five modes (i.e., modes 1 — 2 — 3 — 4 — 5).

Note that in this paper, it is assumed that the charging time
of the stray capacitor (f.oss) is smaller than the switch’s dead
time.
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Fig. 3. Inverter operations: (a) Typical waveforms. (b) Modes of operation.

III. CIRCUIT ANALYSIS
A. Analysis of the Output Power

The steady-state analysis of the full-bridge LLC' inverter is
based on the following assumptions.

1) All circuit components are ideal.
2) The dc input voltage Vpc is constant.
3) The effects of stray capacitance are neglected.

From Figs. 2 and 3, the relationship between the load voltage
(i.e., the capacitor voltage v.) and the inverter output voltage
(v,) is given as

R+ jwL
(jwLs x jwC)(R+ jwL) + jwLs + R+ jwL)

V.

VC = (L
)

where L = n?L.o;1, R = ngReq, and C' = Cp/nz, given that

n is the transformation ratio of the transformer. The inverter

is designed to operate such that the switching frequency (w)

is higher than the resonant frequency (wg) for ZVS oper-
ation. The resonant frequency of the system in Fig. 2 is

given as
L+ Ly
Ye=\NT L,-C @

Taking only the fundamental component (V) of the inverter
output voltage (v, ) in Fig. 2 into account, the load voltage is

given as
L | IL? L+ L,
L JrzNToLLc) ™ ®)

The fundamental voltage V; of the capacitor voltage vo in
(3) can be obtained from the following coefficients of Fourier
series of the inverter output voltage v, [13]:

Vo =

v, = ‘fr” aZ + b2

on = tan ! 4n
b S )
by = 722 — (—1)" — cosn(180 — )]

a, = L= [—sinn(180 — a)]

where V,,, is the dc input voltage assuming the same value as
Vbe, ¢un is the phase of the nth harmonic of v,, and « is
the shifted angle of the switch Sy, as shown in Fig. 3. Using
(4), the amplitude of the fundamental voltage v; can be calcu-
lated as

oV TN —
Wi = . X\/bln (180 — ) + (3 — cos(180 — )™ (5)
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and the average output power at the load (P) can be obtained
as [24]

P = ViRe { Ziotar (jwo) '} ©

which is expanded to

2

_ Vm 2 o o o 2
P= 2 (bm (180 — a) + (3 — cos(180 — ) )

where ¢ is the switching angle. The output power P in (7)
depends on the shifted angle «. Fig. 4 shows the relationship
of the output power and «, obtained from (7), with cos ¢ being
set to one. It is seen that an increase of « results in reduction
of the output power. This means that the output power can be
controlled through an adjustment of . The greater the angle «,
the less power is delivered to the load. The frequency response
of the output power (P,) under different quality factors (Q) is
shown in Fig. 5(a) with the angle « set to zero. At higher @
factor, the inverter operates close to the resonant frequency wy
(i.e., the normalized frequency f5/ f3 is close to one). Unlike the
induction-coil current (7,) shown in Fig. 5(b), the @) factor has
negligible effect on the resonant frequency, i.e., the peak value
of i, occurs at the same frequency regardless of the () factors.
The peak value of i, is related to the RLC parallel end in Fig. 2,
where L4 does not play a roll in the frequency response of ¢,,.

B. Design of L
The total impedance (Zyot.1) in Fig. 2 can be expressed as

R — w?CLR+ jwLy + jwL — jw3L,L

ZTota = - 8
Tot<1(w) —w2C’L—|—ijR ®)
At resonant frequency (wp)
wol?R (L*wo + jR(Ls + L
Ztotal(wo) = —— ( 5 : 3 ( g) ' )
—Lwo — R2 (L2 + LyL + L?)
The switching angle ¢ is given as
. R(Ls+ L
¢ = arg { Zrota1 (jwo) } = arctan <(LQ)) > 0. (10)
wo
This results in
L. L
f:%tanqb—l. (11)

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 58, NO. 7, JULY 2011

Q=30

Poutput (Perunit)

102 104 106
/f

()

0.98 1

0 1 ! | 1 |
0.96 0.98 1 1.02 1.04 1.06 1.08
fs/fo
(b)
Fig. 5. Frequency response: (a) Output power (P, ) at various @ factors and

(b) output current (7,) at various @ factors.

The current gain is found as

I, 1

1, Je0Ze(j0) .

where Zp(jw) = (1/jwC)//(jwL + R). The current gain at

resonant frequency (wy) is given as

I(,( ) Ly 1

—(Wo - .
L \/CLsRigLJrLs) +1

L. 13)

Therefore, the coil current at resonance can be expressed as

Ly
I, = —1Iscos¢.

7 (14)

At the frequency above resonance, there is always a posi-
tive power angle ¢ (i.e., lagging current operation). A high-
efficiency inverter with LLC' topology can be achieved by
introducing a small positive switching angle and high current
gain in the design. From (11) and (14), it is deduced that a
suitable load would be applications with high quality factor
(@) such as brazing, surface hardening, and tube welding. For
applications with low () (less than ten), it is very difficult to ob-
tain both high current gain and resonant operations at the same
time. One of the possible solutions would be to increase the
power angle ¢. This means that the operating frequency must
be adjusted further away from the resonant frequency, which
results in the operation of the inverter under low efficiency.
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The workpiece geometry, conductivity, and permeability of
different metals have various effects on the inductance of the Fig 7. Waveforms of the asymmetrical gate drive signal.

heating coil. In addition, the coil inductance is also changed
when heated. This is due to the fact that beyond the Curie
temperature, the relative permeability (u,-) of the workpiece
decreases when the temperature increases. This results in the
reduction of the equivalent inductance of the workpiece which
in turn reduces the coil inductance. On the contrary, when the
workpiece temperature is lower than the Curie temperature, the
relative permeability of the workpiece decreases with temper-
ature. Therefore, the coil inductance exhibits a change in the
opposite direction [29].

Considering the fact that the resonant capacitance is fixed,
therefore, the resonant frequency is varied throughout the
heating process. The phase-locked loop integrated-circuit (IC)
device for load-adaptive resonant-frequency tracking is intro-
duced to the resonant inverter to drive the operating frequency
to the new resonant frequency.

The proposed control scheme of the full bridge LLC' reso-
nant inverter consists of two parts:

1) power control through the alpha angle («) of the
switch Sy;
2) frequency control for ZVS operation.

The controller comprises a current sensor, zero-crossing
detector, phase detector, and voltage-controlled oscillator, as
shown in Fig. 6. The 4046 phase-locked loop IC is used for
frequency control at slightly higher than the resonant frequency.
In typical voltage-fed inverter, the gate drive signal is in phase

with the asymmetrical inverter output voltage v,. Therefore, we
can use the gate drive signal instead of the load-voltage pulse
for phase detection. The current signal 7, is compared with the
voltage signal in order to detect the phase difference. The output
signal of the digital phase detector is filtered by an RC' low-
pass filter to get an average value that is proportional to the
phase difference at the load. The generation of asymmetrical
gate drive signals for power control is shown in Fig. 7. The
Peontrol signal is compared with the ramp signal from the 4046
IC to generate the gate signal Gy4.

If the P.ontro1 signal is greater than the ramp signal, the gate
signal G4 is set to high. Otherwise, it is set to low. In this way,
« is dependent on the Pontr01 Signal. The gate signal G is
always on from 7 to 27. The GG; and G5 signals are the inverse
of G4 and G4 signals, respectively. Note that the ramp signal
is generated from the phase detector. Therefore, its frequency
is automatically adjusted to track the resonant frequency and
turns on as ZVS operation is obtained. The gating signals G,
G2, G3, and G4 are sent into the dead-time circuit where the
dead-time setting is adjusted through the pairs R1—C1, Ra—Co,
R3—C5, and R4—C4. A phase-protection circuit with a limiter
is used where the Vjase signal, a dc signal proportional to the
phase, is put through a limiter [30]. This allows an operation in
the desired frequency range for the ZVS mode. If the phase lies
in the region that is out of the predetermined limits, an active
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Fig. 8. Theoretical waveforms. (a) Turn-off loss and (b) the conduction loss
of switch S3 and switch Sy.

signal is sent out to turn the transistor ) on and ground all gate
signals S7 to Sy. The inverter is turned off.

V. SWITCHING AND CONDUCTION LOSSES
A. Switching Loss

To maintain the operation under ZVS conditions, the power
angle ¢ must be kept greater than both the dead time and
charging time of the stray capacitors [31], [32]. This is to
allow sufficient time for the diodes to conduct while keeping
the voltage across the switch at zero. For the operation at the
frequency above resonance, the turn-on switching loss of all
switches is zero, but there still is a turn-off switching loss for
every switch. Itis seen in Fig. 3 during the ¢3—t, interval that the
switch Sy turns off at a larger current as o becomes larger. This
results in a higher switching loss. To consider the switching
loss in details, the current and voltage transition at turn off are
shown in Fig. 8(a).
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The drain-to-source voltage vpg during rise time (¢,) is

given as
wt
vps = VI < )
wt,.

where V7 is the voltage across the switch while the switch is
turned off, which is the same as the dc input voltage (Vpc).
The switch current is a small portion of a sinusoid and can be
approximated by a constant

15)

is = IoFF (16)
where Iopp is the current through the switch before turning
off. The power loss associated with the voltage during rise time
(Py:) is given as

wt,

1 .
P, = Py / isvps d(wt) =
0

t,.Vilorr

oT a7y

During fall time (¢¢), the switch current can be approximated
by a parabola function as

(18)

while the drain-to-source voltage is (15). The power loss asso-
ciated with ¢ s (P;¢) is provided as

wty
1 )
Ptf = % / 15UDS d(wt)
wt,.

TorpVilty — t.)(ty +t,) (t? oAbty + ti)

= 5T . (19
Hence, the turn-off switching loss is combined as
Pog = Py + Py
= fVilorr
b (b=t (tp+ty) (t§+4trtf+t2)
3 + B . (20)

Therefore, the turn-off loss of the full-bridge LLC' resonant
inverter with asymmetrical control becomes

¢, (ty —to)(ty +tr) (t’j+4t7,tf+t£)
Ptotal,off - fVI -+

3 12
X (3IoFF,s,,8,,8; + lorr,s,) (1)
where Iorr s, .S,,8, and Iorr,g, assume the forms
Iorr,s1,82,83 = I sin(¢) (22)
IQFRS4 =1y sin(a -+ ¢) (23)

If a snubber capacitor is added to the circuit, the charging
time (tcoss) Will increase, and the peak of the product of
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1s and vqs in Fig. 8(a) will decrease. Thus, the turn-off loss
is decreased. The dead time must be increased to maintain
approximately zero turn-off loss. Clearly, the snubber capacitor
can always be included. However, there is a tradeoff for adding
a snubber capacitor because the power angle ¢ must cover the
switch dead time and the capacitor charging time. Therefore,
the increased power angle ¢ results in a reduced range of the
angle o (aumax = ¢ — 180), and therefore, the range of power
adjustment will be reduced.

B. Conduction Loss

Since the intervals to—t}, and ¢5—t5 in Fig. 3(a) representing
the charging and discharging periods of the stray capacitors
are small compared with the overall conduction times, both
intervals are neglected in the following calculation. Taking the
switch conduction loss into account, the current and voltage
at switches S3 and S; from ¢( to ¢5 are shown in Fig. 8(b).
Switches S1, Sz, and S5 carry the same current and conduction
loss through the intervals ¢1—t, and t4—t5, respectively. Since
the inverter current i, is given as

is(t) = IS peak sin(wt — @) (24)

the current contribution to conduction losses of the switch S,
Ss, and S3 can be found as

I ¢  singcoso
ISl,z,g.,tms = 2\/1 — ; + f

For the asymmetrical switch Sy, the conduction loss results
from the current

(25)

I -
Is, ems = V=2 —7+¢) +sin(2(a+¢))  (26)
The conduction loss of the switch is given as

Ps,loss = (IS,rms)QRDS,on- (27)

The aforementioned conduction losses can be calculated by
substitution of the currents in (25) and (26) into (27). Next, the
diode conduction loss is considered. Clearly, diodes D1—Dy
and Dy—Ds3 conduct during the tp—t; and ¢o—t4 intervals, re-
spectively. In addition, the conduction loss of diode D3 includes
the forward conduction during the to—t3 interval, similar to the
current in (25).

Therefore, the current contribution to the conduction loss of
diode Ds is given as

Ip,... = i—‘; <\/2a ¥ sin(2¢) — sin (2(a + ¢))) .28

For the other diodes, the current contribution to the conduction
loss is found as

I, [¢ singcos¢
I, 54w = SN r T T e

(29)
The diode conduction loss is
Pp 10ss = IDiode,rms X VFWD,diode- (30)

2921
TABLE 1
DESIGN SPECIFICATION AND CIRCUIT PARAMETERS
Parameter Value
Vac Input Voltage 150 Vims
£ Resonant Frequency 108.2 kHz
fs Switching Frequency 108.7 -110.6 kHz
Cp Parallel resonant capacitor 2.35uF
Ly total Series inductor + Primary Leakage 56 uH+79 nH
inductance of transformer (Ls+ Likp)
. Induction coil inductor
Leoir (From room temperature to 625°C) 1.11-0.95uH
Equivalent resistor
Req (with workpiece) 100-110m€2
(From room temperature to 625°C)
n=ni/ny Transformation ratio 5
S1. 82, .
Ss. 54 Switches IRFP460
Cp DC blocking capacitor 33 pF

Similarly, the conduction loss of each diode is computed by
substituting (28) and (29) into (30).

VI. DESIGN PROCEDURE

In this section, a design example of the major components of
the system in Fig. 1 is discussed.

A. Resonant Load

The targeted application is a 450-W induction-melting sys-
tem for a 30-g aluminum workpiece. The desired frequency
is at 110 kHz. The readily available induction-coil induc-
tance (Lcoi1) and equivalent resistance (Req) are 1.11 xH and
100 mS2, respectively. The power angle ¢ is set to 36°. Using
(11), the maximum series inductance (L max) is obtained from
(11) as

L2
Ls,max = 0 tan¢ —L=51 /LH (31)
Next, the resonant capacitor is obtained from (2) as
L + LS max
C=——"""=229uF. 32
L L, w? K (32)

Five 30-kvar 400-V 100- A, 0.47-uF capacitors with a total
capacitance of 2.35 uF are used as Cp. Since the available
capacitance is slightly changed, the resonant frequency is re-
calculated to be

1 L + LS max
= —14/ ——>— = 108.2 kHz. 33
Jo=o\ T, ¢ ~ 82N (33)
From (14), the current gain is found as
LS max
’T cos(¢) =4.1. (34)

B. Matching Transformer

The current gain is found to be only 4.1, which is not
sufficient to heat the workpiece to the desired temperature;
therefore, a matching transformer is introduced. Taking into
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Fig. 9.

Simulated results of the LLC' full-bridge inverter with asymmetrical control. (a) vo, is, VC', %0, Usa, and 154 waveforms with no PS at the full load.

(is: 4 A/div, vo: 50 V/div, io: 100 A/div, ve: 50 V/div igqa: 4 A/div, vgq: 100 V/div, and time: 2 ps/div). (b) vo, is, vc, and i, waveforms at 62.5% load.
(is: 1.33 A/div, v,: 100 V/div, io: 100 A/div, ve: 50 V/div igq: 4 A/div, vgq: 100 V/div, and time: 2 ps/div). (¢) vo, is, v, and i, waveforms at 32% load. (is:
1.33 A/div, vo: 100 V/div, io: 100 A/div, ve: 50 V/div isq: 4 A/div, vsg: 100 V/div, and time: 2 ps/div).

account only the fundamental component of the voltage, the
primary current of the transformer is calculated using

TP

2v/2V,, cos 10) (35)

Is,rlns =

which gives I ;s = 2.72 A. From the calculated current gain,
the maximum output current (I, max) is 11.15 A. To utilize only
60% of the capacitor-rated current of 60 A, the required current
ratio for the transformer is found from

ICp,max = nIo,max (36)
ie., n =5.38 & 5. The transformer used has a leakage re-
actance of 3.16 yH and must be taken into consideration.
Therefore, a series inductance (L) of 2.24 yH is needed to
combine with the transformer’s leakage inductance to meet the
required inductance of 5.4 pH. Note that placing L, on the
primary side can achieve benefits of inherent current-limitation
protection of the transformer saturation. This means that the
required series inductance on the transformer’s primary is
given as

L = 2.24n% = 56 uH. (37)

VII. SIMULATION AND EXPERIMENTAL RESULTS

To confirm the validity of the proposed topology and control
scheme, a computer simulation and a hardware experiment
are performed using the parameters in Table I. The resonant
frequency calculated using (2) is 107.866 kHz. The load is a
30-g aluminum workpiece in a graphite crucible. Due to load-
parameter variation when the workpiece temperature increases
from 30 °C to 625 °C, the switching frequency is varied from
108.7 to 110.6 kHz. Angle « is varied from 0° to 144° for the
purpose of output-power control. With the circuit parameters
in Table I, the simulation results under angle « at 0°, 90°, and
144° are shown in Fig. 9(a)—(c), respectively. As « increases,
the inverter output current ¢4, output voltage v,, the induction-
coil current 7,, and induction-coil voltage vc decrease. The
experimental results shown in Fig. 10 are obtained using the
same set of parameters in Table I. The waveforms at full-load
condition (« = 0°) are shown in Fig. 10(a) where the inverter
operates at 108.7 kHz. Once the workpiece temperature in-
creases, the induction-coil impedance changes in a way that the
resonant frequency increases. The phase-locked loop control
then increases the switching frequency of the inverter to track
for the resonant frequency. This is to ensure the ZVS operation.
The shifted angle is then adjusted to 90° to reduce the output
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Fig. 10. Experimental results of the LLC' full-bridge inverter with asymmetrical control. (a) ve, s, V¢, ©0, Vs4, and g4 Waveforms with no PS at full load.
(is: 2 A/div, vo: 100 V/div, io: 100 A/div, ve: 50 V/div, is4: 2.7 A/div, vsa: 100 V/div, and time: 2 ps/div). (b) v, is, vo, and ¢, waveforms at 62.5% load.
(is: 2 A/div, vo: 100 V/div, i,: 40 A/div, vo: 20 V/div, igq: 2.7 A/div, vga: 100 V/div, and time: 2 ps/div). (¢) vo, s, vo, and i, waveforms at 32%
load. (is: 2 A/div, vo: 100 V/div, i,: 40 A/div, ve: 20 V/div, iga: 2.7 A/div, vga: 100 V/div, and time: 2 ps/div).

power to 62.5%, and the current and voltage waveforms are
shown in Fig. 10(b) along with the switching 54 voltage and
current waveforms. The switching frequency is increased to
109.17 kHz. In Fig. 10(c), the i, v,, 75, and vo waveforms
are obtained, while « is adjusted to the limit of 144°. At this
point, the output power is reduced to 32.16%. The switching
frequency is automatically increased to 110.6 kHz. It is seen
that an increase of « results in an increase of the switching
frequency. This provides an easy adjustment of the output
power with fast response.

Note that, even if the gate signal is forced to turn on « at a
value greater than 144°, the switch will still turn on at 144°.
This is due to the fact that the average voltage across the total
inductor seen by the inverter must be zero. Since the switching
frequency is maintained slightly above the resonant frequency,
the ZVS operation of the LLC full-bridge inverter with the
proposed control scheme is guaranteed for the whole range of
variable load parameters and variable output powers. Table II

TABLE 1I
Loss ON COMPONENTS UNDER ASYMMETRICAL CONTROL

Output power (%) Loss of switches (w) 1.OSS OF DIOSES (W)
S1 S» S3 Sq D D> D3 Dy
100 345(345 (3451345213 2.13 | 213|213
50 3.05(3.05(3.05]198 213 213 |297|2.13
32 2.65(265(265]029 213 213 |3.00|2.13

shows the losses of switches and diodes under different load
levels from 32%-100%. At 100% of rated condition, switch
S, carries the same loss at 3.45 W as with the other switches.
However, when the output power is reduced, the switch Sy
conduction interval as well as the loss becomes less. The power
angle ¢ is set at 36° to accommodate the induction coil and the
aluminum-workpiece load, and the power is adjusted through
angle a. Therefore, the lowest load level that can be achieved
is at o = 144°, giving the power level at 32% of rated condi-
tion. For comparison purposes, the calculated and experimental
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Fig. 11. Efficiency comparison between the calculation, asymmetrical con-

trol, and PFM.

efficiencies of the LLC' full-bridge inverter with asymmetrical
control are shown in Fig. 11 using the parameters given in
Table I. The PFM control scheme with the same parameter
setting is also shown.

The experimental results for both control schemes are col-
lected while the workpiece is at 625 °C. During the heat-
ing process from 30 °C to 625 °C, the equivalent resistance
varies from 100 to 110 mS2, which results in variation of the
induction-coil inductance from 0.95 to 1.11 pH. Thus, the
operating frequency is changed in the range of 108.7-
110.6 kHz to achieve ZVS operation. At rated power, the
efficiency of the LLC' full-bridge inverter is the same between
the asymmetrical control and the PFM schemes. However, the
proposed asymmetrical control has shown up to 6% higher
efficiency at low-power operation. It is evident that the output
power to the workpiece can be controlled by adjusting a.

VIII. CONCLUSION

In this paper, an improved full-bridge L LC resonant inverter
topology for induction-heating application has been proposed.
The validity of the proposed asymmetrical control scheme is
verified through simulation and experimental results. It can be
concluded that the presented work control technique has the
following advantages.

1) The asymmetrical control can be used to control the
output power to the induction coil for the LLC' resonant
tank.

2) The control scheme is in a simple configuration and easy
to implement.

3) The resonant-frequency tracking together with the ad-
justment of the pulse voltage ensures maximum power
transfer to the load throughout the heating cycle with
minimal loss.

4) The placement of the inductor on the transformer’s pri-
mary results in a small inductor due to the low current on
the transformer’s primary.

Therefore, the presented circuit configuration and proposed
control scheme can also be used with other applications
that require output-power regulation under load-parameter
variation.
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