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ABSTRACT

Induction heating has been an advanced process for industrial quenching applications, aiming
to increase the material's hardness to a desirable depth of penetration, with advantages such as
high energy conversion efficiency, clean, safe and especially localized heating. In this process, an
L coil with the right shape and size for the material to be heated will be normally used, and the
matching between the coil size and the quenched material has a great effect on heating perfor-
mance as well as the operation of the power converter, because it affects the airgap in the electro-
magnetic-thermal energy conversion system. Although induction heating has attracted a great
deal of attention in recent years, design consideration of inductance in resonant circuits for specific
requirements is still very limited. Specifically, there remains a need for a design process that uses the
transferred power and workhead size as inputs, in practice. In this paper, the operating principle of
an LLC resonant circuit for induction heating will be explained, from which a quantitative analysis
of the transferred power to the workhead will be performed to help design the resonant circuit. An
LLC circuit design procedure will be proposed, using the results from a quantitative analysis of the
transferred power and taking into account the physical cons traints of the workhead. In addition,
a simple technique for monitoring the soft-switching state of the power switches in a resonant in-
verter, based on monitoring the phase difference between the resonant capacitor voltage and the
resonant circuit voltage, is also proposed. The feasibility of the proposed design process and phase
tracking algorithm will be illustrated and verified through simulation and experiments on a 2 kW,

100 kHz LLC induction heating circuit for hardening hollow steel tubes up to 4 cm diameter.
Key words: Resonant inverters, Inductive power transmission, zero voltage switching

INTRODUCTION

Induction heating makes use of high frequency in-
verters, in which a resonant circuit is formed by a

work-head and a capacitor in series'™

or parallel
configuration®. The resonant inverter is responsible
for supplying a large current in the work-head, with
a heating load being represented as a resistor R in se-
ries or parallel with the coil. A resonant circuit is a
popular solution to implement zero voltage switch-
ing (ZVS) or zero current switching (ZCS), in order

7. Series resonant cir-

to reduce switching losses
cuits may be used for all-metal induction heating with
adaptive control® or tundish induction heating with
modular multilevel converter . However, a combina-
tion of series resonant and parallel resonant (specifi-
cally, an LLC circuit) could provide better efficiency
than a simple series resonant circuit®, especially in
higher short-circuit capability and lower input cur-
rent ', In®, the LLC was used in parallel-loaded form,
in which the capacitor is in parallel with the primary
coil of a coupling transformer. Another research pro-
posed moving the L inductor to primary side of the

transformer, resulting in lower current in that induc-
tor ', However, only a calculation procedure for Ly
and C was proposed, with the assumption that the
value of L is already available. In addition, conditions
for ZVS on power switches have not been identified.
In this paper, a design procedure for LLC resonant cir-
cuits (in induction hardening) will be proposed, tak-
ing into account work-piece dimension and ZVS con-
ditions. A demonstration system of 2 kW, 100 kHz for
surface hardening will be designed, built and tested.
Simulations and experiments have been done to ver-
ify the proposed procedure.

BASIC ANALYSIS METHOD OF THE
LLC RESONANT CIRCUIT

LLC oscillation

Figure 1 shows the proposed LLC resonant inverter,
supplied by a three-phase bridge rectifier and an LC
filter. The inverter is a H-bridge, supplying the reso-
nant circuit through a DC blocking capacitor (Cp) and
a matching transformer (Tr). On the secondary side
of the transformer is the LLC resonant circuit, includ-
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Figure 1: Power electronic for induction heating.

ing the series inductor Ly, parallel capacitor C, and the
work-head L.

The LLC resonant circuit and matching transformer
can be represented as in Figure 2, with R being re-
flected load.

Figure 2: LLC oscillation.

Impedance Z(jw) looking at the LLC circuit can be
expressed as

z(jo) = 2 M
Lmrtmxu+w<5%>-HM%+”wP‘(%)1
() g

In which, L, = Ly/L, @ (2) and @, (3) are two res-
onant frequencies of the LLC circuit, and Q and Q,,
are quality factors of the circuit at those frequencies,

respectively.
oy — 1
LL; 2)
L+L,
1
Wp = —F—— 3
P = e A3)
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In Figure 3a, magnitude and phase plots of impedance
Z are presented, clearly show two resonant frequen-
cies, f, (for parallel resonance with highest magni-
tude) and fy (for series resonance with lowest magni-
tude). Therefore, when designing this type of resonant
circuit, the operating frequency should be slightly
higher than fj, so that the circuit is close to reso-
nant condition with an inductive impedance, sup-
porting zero voltage switching. From phase plot, ZVS
and ZCS operating zones can be identified (capac-
itive impedance for ZCS and inductive impedance
for ZVS). Furthermore, at series resonance (fp) the
impedance is inductive rather than resistive as in the
second-order series resonant circuit. By substituting
(2) and (3) into (1), one can prove that the impedance
will possess a positive phase @O0 at series resonance, as
given in (5).
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Figure 3: Steady - state behavior of the LLC oscilla-
tor.

. L2
Z“‘”“Z“”O(m) @
90 = arg {Z (je)} = arctan (L”Q+ 1) 5)

From the magnitude plot, it can be seen that maxi-
mum power transfer occurs at resonance, and can be

determined with the fundamental voltage v}, as given
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in (6).

1
Ppax =ViRed ———
mer e{Z*(jwo)}
vl-zn L,+1 2
=onveg (1
L2N2R 0

According to (6), the maximum power depends on

(6)

the applied voltage v1, inductance ratio Ln, quality
factor Q, and reflected load R. Furthermore, the ratio
(Lp + 1)/Q should be much smaller than unity, corre-
sponding to small @y, for reduced circulating current
in the circuit. Therefore, the maximum power can be
considered to depend on the applied voltage v, in-
ductance ratio L,, number of turns N, and reflected
load R. A typical power vs frequency curve is shown in
Figure 3b, in which maximum power occurs at series
resonance (fy) with a steep change around the peak,
leading to a wide power range for a small frequency
change.

ZVS conditions

Monitoring ZVS condition is crucial for a safe oper-
ation of this type of circuit. Therefore, a simple and
effective monitoring method has been proposed, as
described below.
Voltage on capacitor C in the LLC circuit can be de-
termined as:
ve (o) = ZLERt©)
Z(jo) 7)
_ Z(jo) *JLsCUV
z(jo)
Where Z;cr(j®) is the equivalent impedance of two
parallel branches, where L and R are in series in one
branch, and C forms the other branch. From (4) and
(7), capacitor voltage at series resonance (fp) can be
expressed as:
ve(joy) = 12, ®)
B
From (8), phase difference A ¢ between v, and v| can
be calculated, as given in (9)

A@ = actan(—Q) )

As mentioned above, for a small @, quality factor Q
should be large, normally larger than 6 in LLC cir-
cuits!!. Therefore, at resonance, capacitor voltage
ve will be nearly 90° lagging with respect to input
voltage vi. For ZVS operation on power switches,
the operating frequency should be higher than reso-
nant frequency fy, and the closer to this resonant fre-
quency the more power can be transferred. However,
during the heating process, passive components may

change their inductances and capacitances, leading to
a change of resonant frequency. Then the phase dif-
ference Dj calculated in (9) may be used to monitor
resonant frequency, and circuit condition and main-
tain maximum power transfer.

INDUCTION HEATING COIL
INDUCTANCE

In design procedures, inductance value of the work-
head is normally given. However, the shape of work-
head depends on the work-piece, so inductance value
may be different among shapes. For radio-frequency
(RF) induction heating, the work-head is usually an
air-core solenoid, made by a copper tube to ease the
cooling process and account for skin effect, as illus-
trated in Figure 4.

Figure 4: Induction coil as single layer coil.

Parameter mnput

(P. Quiz-Quas. fo. Vi a. b, m)

!
GIH:
i : o EH
Induction coil L 0.228a+0,254b
!
Inductance ratio  |L, = Q.- tan(%_w )—-1 ‘
!
Induction series =Lk

Capacitor

Transformer

Figure 5: LLC inverter design procedure.
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Work-piece should be put inside the solenoid or close
to solenoid.

An experimental formula'? can be used to calculate
the inductance of the single layer solenoid:

a*n?

L——— " 10
0.228a +0.254b (10)

uH
Where a is the diameter of the solenoid, b is the length,
and n is the number of turns. These parameters de-
pend on the work-piece shape and area to be heated

up.
LLC INVERTER DESIGN PROCEDURE

A design procedure for LLC inverter has been pro-
posed, as presented by the flow chart in Figure 5. In-
put parameters for designing the RF induction heater
include: Desired dimension of the work-head (pa-
rameters a, b, and n), heating power P (depending on
heating temperature and time), DC link voltage, op-
erating frequency fy (depending on skin depth), and
variation range of the quality factor of the work-head
and work-piece ([Qmin> Qmax)]. Below is a demon-
stration for the proposed design procedure with the
following parameters: a =2.5cm, b =12 cm, n =11
turns, P = 2 kW, fQ =100 kHz, Qumin = 6, Quax = 10,
and V. =500 V.

Step 1: Calculation of work-head inductance L

By applying (10), work-head inductance can be deter-
mined as:

0.025% x 112

= (11)
0.228 x 0.0254-0.254 x 0.12

L

=2.09 uH

Lin (11) will be round up to L = 2.1 uH.

Step 2: Calculation of L,, and Ly:

From (5), ratio L,, can be calculated from quality fac-
tor Q and switching angle ¢g. For a given L,, switch-
ing angle will be large for small values for Q. There-
fore, minimum quality factor Qy;, will be used for
this calculation. On the other hand, switching an-
gle in LLC resonant circuits should be smaller than
20911, hence:

L,=6xtan(20°)—1=1.18 (12)

From this ratio and the inductance value calculated in
step 1, series inductance Ly can be determined:

Ly=1.18x2.1~2.4 uH (13)

Step 3: Calculation of N
Fundamental component of the voltage applied to pri-
mary side of the transformer:

AV, 4x500
de _ 22X 450 Vigwss

Vi = =
in ﬂﬂ ﬂ\ﬁ

(14)
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Transformer’s turns ratio should be selected so that a
high current can be supplied from the secondary side
of the transformer, in order not to create overvoltage
on the capacitor C. From (6), a variation range for
turns ratio (N,;;;, to Nyuay) can be determined, corre-
sponding to the range of quality factor (Quax to Quin)»
to achieve the rated power P4y

2
L, 1
- ( nt )
o
For the demonstration system, it has been found that

Niax = 24 and Ny, = 19.3. Select N = 20.
Table. 1 summarizes all design parameters for the

2
in

(15)
L2 RPyax

demonstration system.

SIMULATION RESULTS AND
DISCUSSION

To verify the feasibility of the design, a SPICE simula-
tion will be done with the system schematic as shown
in Figure 6.

The circuit should have ZVS operation, which is eval-
uated by examining its switching waveforms (Fig-
ure 7) on MOSFETS;, in the target frequency range.
Considering both current waveform (top graph) and
voltage waveform (bottom graph) of Q4 MOSFET, the
anti-parallel diode conducts before the gate-source
voltage reaches a threshold value, making drain-
source voltage slightly negative. Therefore, the MOS-
FET will be turn on at zero voltage, i.e. zero voltage
switching.

An advantage of the LLC circuit is the ability to draw
a smaller input current (output current from the in-
verter) compared to work-head current, as shown in
Figure 8. It can be seen that the work-head current is
sinusoidal at around 100 kHz, with a magnitude about
1.14 times the magnitude of the secondary current Iy g
(bottom waveforms group). In top waveforms group,
the capacitor voltage is sinusoidal and almost 90° lag-
ging with respect to input voltage V;,. Therefore, the
designed LLC circuit has fulfilled requirements for si-
nusoidal output current, and ZVS on input switches,
allowing higher efficiency and better heating effect.

EXPERIMENTAL RESULTS AND
DISCUSSION

A prototype has been built to verify the ZVS opera-
tion and status monitoring with phase difference (Fig-
ure 9). In Figure 9a, a 380 V three-phase voltage was
supplied to the diode rectifier through an LC line fil-
ter, a DC link capacitor was used to reduce the voltage
ripple of the rectifier output. A standard H-bridge was
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Table 1: Design Parameters

Symbol Quantity Value
A\ Line - line Voltage 380 V (RMS)
P Power heating 2kw
IL Inductance 2.1 uH
Q Quality factor 6:10
it Switching frequency 80 - 120 kHz
fo Resonant frequency 100 kHz
Ls Series resonant inductance 2.4 uH
Resonant capacitance 22 uF
N Transformer ratio 20:1
Q1 |- a 03
e
[61)°1—|G3 )" CL Ls 2.484
r ) ——
1 [ 0.519§
24m2Im 2im ! C_link Ao I8 (G D
L1 L2 |_3'_ I Tarn 19440p i o) 59;: 120p T22p 2-:
’/ L L [’I
: | L_ % K L4 150.98 2.1y
o -'=. 1 1 1p G4 %‘ (62
VZM“/\B\ [ T |
.tran 0 10m 1m

Figure 6: Simulation circuit in LTspice.

used to supply high frequency voltage to the match-
ing transformer, energizing the LLC resonant circuit.
The work-head was a solenoid made of copper tube
and was water-cooled. A Tiva C Launchpad (EK-
TM4C123GXL) was used to provide gating signals at
100 kHz to the power switches through gate drivers.
The work-piece is a 4 cm diameter steel tube as shown
in Figure 9b.

In Figure 10a, the MOSFET current (bottom wave-
form) and the MOSFET voltage (top waveform) are
in good agreement with corresponding waveform in
simulation. Although gate signal was not shown, ZVS
has been achieved in practice, according to the analy-
sis presented in section 5. Due to internal impedance

of power supply, impedance of the LC filter, and volt-
age drop on the rectifier, the available voltage at DC
link will be reduced at high current value, leading to
voltage dip as shown in Figure 10a.

In Figure 10b, filtered waveform of secondary voltage
vy and capacitor voltage v, are shown, with nearly 90°
phase lagging on capacitor voltage with respect to the
fundamental voltage, showing a near resonant work-
ing condition.

CONCLUSION

The paper has explained the operating principle of
an LLC resonant circuit in induction heating applica-
tions, with a quantitative analysis of power transferred
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15V = 15A
10V : - 10A
5V — S5A
(1|7 — L 0A
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-15V- 15A
495V—
385V~
275V—
165V
55V
-55V - | i
2.010ms 2.014ms 2.018ms 2.022ms

Figure 7: ZVS turn on in MOSFET (top graph: Ips-Red, Vs — Blue, bottom graph: Vps - Blue)
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Figure 8: LLC Circuit waveform
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a. Experimental prototype

b. Work piece

Figure 9: Experimental Prototype
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Figure 10: Experimental result.

to the work-head to help in design process. A design
procedure for the LLC circuit has also been proposed,
utilizing results from the quantitative power analysis
and taking into account mechanical constraints on the
work-head. The effectiveness of the proposed design

procedure has been verified by simulations and exper-
iments.

LIST OF ABBREVIATIONS

LLC: Inductor - inductor - capacitor
ZVS: Zero voltage switching

ZCS: Zero current switching

RF: Radio - frequency
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TOM TAT

Gia nhiét bdng dét nong cdm Ung da la mét quy trinh tién tién cho cac Uing dung toi trong cong
nghiép, nham tang dé ciing cla vat liéu dén mot do tham sau cho phép, véi nhimg uu diém nhu
hiéu sudt chuyén déi nang lugng cao, sach, an toan va dac biét la khd nang lam nong ting phan
cho chi tiét can toi. Trong qua trinh nay, théng thudng mot cudn day L sé dugc st dung vai hinh
dang va kich thudc phu hgp véi vat liéu can gia nhiét, su pht hop gitra kich thudc cudn day L va
vat liéu t6i c6 anh hudng I6n dén hiéu sudt dét nong cling nhu hoat déng ctia bod bién déi cong
sudt vi sé dnh hudng dén khoang hé khong khi ctia hé théng chuyén déi nang luong dién-ti-nhiét.
Mac du d6t ndng cam Uing da thu hit manh mé sy quan tam trong nhiing nam gan day, nhung
viéc thiét ké dién cam trong mach cong hudng cho cac yéu cau cu thé van it dugc xem xét. Cu thé,
van can cé6 mot quy trinh thiét ké s& dung cong sudt yéu cau va kich thudc clia cuén dét lam dau
vao, trong thuc té. Trong bai bdo nay, nguyén ly hoat dong ctia mét mach cong huéng LLC dung
cho dét ndng cdm Uing sé dugc gidi thich, tr d6 moét phan tich dinh lugng vé cong suat truyén dén
cudn dét sé dugc thuc hién dé gitp thiét ké mach cong hudng. Mot quy trinh thiét ké mach LLC
sé dugc dé xuat, st dung cac két qua ti phan tich dinh lugng vé cong suét va co xét dén cac rang
budc vat ly clia cudn dét. Ngoai ra, mot ky thuat don gidn dé gidm sat trang thai chuyén mach
mém clia cac khoa cong sudt trong mach nghich luu codng hudng, dua trén viéc theo déi léch pha
gitra dién ap clia tu dién cong hudng va dién dp mach cong hudng, cling dugc dé xuét. Tinh kha
thi cCia quy trinh thiét ké va giai thuat theo déi pha dé xuét sé dugc minh hoa va kiém chiing thong
qua moé phong va mét mach thuc nghiém dét néng cdm ting LLC 2 kW, 100 kHz cho ing dung toi
vat liéu thép rong rudt dudng kinh 4 cm.

Tur khoa: Nghich luu cong hudng, Truyén nang lugng cdm ting, Chuyén mach véi dién &p bang
khong

Trich dan bai bdo nay: Thudng N P, Nam N Q. Quy trinh thiét ké bé nghich luu LLC véi phan tich
dinh lugng vé cong suat truyén. Sci. Tech. Dev. J. - Eng. Tech.; 4(1):739-747.
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