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Abstract—Induction heating (IH) has become the technology of
choice in many industrial, domestic, and medical applications due
to its high efficiency and performance. This paper proposes an in-
terleaved resonant boost inverter featuring SiC three-phase module
to achieve high efficiency and performance IH power supply. The
proposed converter achieves high efficiency by reducing the cur-
rent through the devices, while the use of an interleaved full-bridge
configuration reduces input current ripple and provides additional
control degrees. The proposed converter has been designed, imple-
mented, and tested experimentally, proving the feasibility of this
proposal.

Index Terms—Induction heating (IH), inverter, resonant power
conversion.

I. INTRODUCTION

NDUCTION heating (IH) [1] has become a key technology
I in recent years due to its benefits in terms of performance
and efficiency when compared with classical heating methods.
Advances in enabling technologies, including power electron-
ics, digital control, and magnetic components, has enabled a
significant breakthrough in IH technology, which has led to
a number of relevant industrial [2]-[4], domestic [S5]-[7], and
medical applications [8].

Although alternative implementations using permanent mag-
nets are being studied [9], usually IH systems rely on a power
converter to generate an alternating magnetic field to heat the IH
target. Fig. 1 summarizes the most common approaches when
designing IH power supplies.

The first approach is the simplest one, requiring a rectifier, dc—
dc conditioning, and medium-frequency inverter blocks. This is
the most extended approach, with multiple variations, due to
its simplicity and easy control. In some cases, the second ap-
proach is followed where the rectifier and dc—dc blocks are com-
bined, leading to an integrated approach. Finally, in recent years,
several direct ac—ac converters have been proposed [10]-[12],
enabling the design of higher power density and performance
solutions at the cost of a more complex design and control. In all
the discussed approaches, the inverter is the core of the power
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converter and is commonly implemented using single-switch
[13] or half-bridge [14], [15] topologies for low-medium power
applications, and the full-bridge [16] topology for high-power
applications. Although Si IGBT is the technology of choice, in
recent years, wide bandgap devices [17], and specially SiC, have
enabled significant advances in performance and play currently
an important role in modern IH systems [18]-[20].

This paper proposes an interleaved boost resonant inverter
topology [10], [21] in order to provide an efficient and high-
performance IH power supply. The proposed topology achieves
high efficiency by reducing the current through the power de-
vices and inductor, while the use of an interleaved configuration
enables reduced input current ripple. Besides, the boost full-
bridge inverter provides additional control degrees, enabling
fine output power control. The proposed converter takes ad-
vantage of a three-phase SiC module to achieve a high power
density and performance implementation.

The remainder of this paper is organized as follows. Section
II details the proposed topology, and Section III presents a thor-
ough analytical model of the converter divided in an interleaved
boost rectifier plus a resonant full-bridge inverter. Section IV
provides a power loss model, including power loss in the main
power devices as well as passive devices. Section V summarizes
the main simulation and experimental results proving the feasi-
bility of the proposed converter. Finally, Section VI draws the
conclusions of this paper.

II. DIRECT AC-AC INTERLEAVED FULL-BRIDGE CONVERTER

The proposed converter is depicted in Fig. 2. The main power
supply v,. is rectified by means of the half-bridge branch
R(Sy ., SL ;). It is important to remark that a synchronous
rectification has been implemented to improve efficiency, being
possible to use a two-diode standard half-wave rectifier branch.
Consequently, St ,- is activated during the positive mains volt-
age half-cycle and Sy r during the negative one. Two additional
inverter branches A(Sy 4,51 4) and B(Sy 5, Sp ) simulta-
neously perform a voltage boost function and generates the
high-frequency current required for the induction heating (IH)
application [21], [22].

The voltage boost function is achieved by means of the in-
terleaved inductors L, 4, L p and the dc-link capacitor C,
whereas a full-bridge inverter topology provides the required
high-frequency current 7, for the application. A series reso-
nant tank has been implemented, composed of the equivalent
IH load parameters, i.e., a series resistance R; and induc-
tance L, and the resonant capacitor C,. The applied resonant
tank voltage v, is defined by the inverter branches A and B,
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Fig. 2. Proposed converter schematic.

yielding v, = v,, 4 — v,, . Considering the structure of the pro-
posed converter, a three-phase SiC MOSFET module is selected,
yielding a compact and efficient implementation.

Fig. 3 shows the equivalent circuits of the proposed converter
for the positive (a) and negative (b) mains cycle. From this figure,
it can be seen that one device from each half-bridge branch is
activated at all times. Besides, it is important to note that states
IIT and VII occur when the duty cycle D < 0.5, whereas states
IV and VIII apply when D > 0.5.

The main converter waveforms are shown in Fig. 4. A com-
plementary activation of the rectifier branch with a mains pe-
riod T,. = 1/ fa. is considered, and high-frequency switching
for the inverter branches A and B period Ty, = 1/ fi is used.
It is important to note that zero-voltage switching is achieved
in the inverter devices, ensuring smooth and efficient opera-
tion. These conditions are detailed in Fig. 5, where the control
signals, blocking voltage, and current through each device are
shown, highlighting the ZVS switching margin.

Considering that the mains frequency is in the range of 50—
60 Hz, and the switching frequency is in the range of the tens
of kHz, i.e., T,.>>T,, the mains voltage v,. can be consid-
ered constant during a switching period. Consequently, the bus
voltage v, can be calculated as a function of the duty cycle
Das=Dp, where a fixed phase lag between branches A and B
has been established, p4p= 0.5 = T, yielding

Vac (1)
DA ) Vac (t) >0
vs(t) = () (D
— 2 () <0

1—=Dy’

Consequently, the duty cycle applied to the inverter branches
A and B must be changed according to the mains sign to provide
an input power factor close to 1. Fig. 6 shows the modulation
parameters for a nominal duty cycle D defined as a function
of the desired voltage boost ratio D = 1 — |v,./vs|. Conse-
quently, Dy = Dp =1 — D is applied for the positive mains
half-periods, whereas D A=D B=2D is applied for the negatives
ones.

It is important to note the role and operation of the dc-link
capacitor in the proposed converter. From the point of view of
the equivalent inverter side, the inverter can be modeled as a
pure resistor if constant modulation parameters are applied. By
combining this fact with the use of a small dc-link capacitor,
a mains power factor close to the unit can be achieved. In the
case of the proposed converter, a capacitor large enough to filter
the high-frequency harmonics but still providing a sinusoidal
current consumption will be selected. As it can be observed
in Fig. 6 and predicted by (1), the waveform of the dc-link
capacitor voltage is proportional to the absolute value of the
mains voltage, ensuring the input power factor close to one.
Additionally, this effect will be appreciated in the experimental
results.

III. CONVERTER ANALYSIS

The converter operation can be analyzed using the super-
position principle assuming that the voltage ripple in the bus
capacitor can be neglected as the sum of an interleaved boost
rectifier and a resonant full-bridge inverter [21], as it is depicted
in Fig. 7.

As itis shown Fig. 7., the dc-link voltage v, can be controlled
using the duty cycle of the branches A and B, whereas the applied
output power to the IH load can be controlled either by the duty
cycle or the switching frequency.

A. Equivalent Interleaved Boost Rectifier Stage

One of the main advantages of the interleaved boost rectifier
stage is the ability to reduce the input current ripple Ai,. being
also possible to cancel the input ripple for a given conditions
(D = 0.5). In order to simplify the analysis without loss of gen-
erality, the analysis will be performed for v,. > 0, being possible
to obtain the same results in the case of v,.< 0. Consequently,
as it has been detailed in (1), Dy = Dp = D =1 — |v,¢ /05,
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Fig. 3. Equivalent circuits of the proposed converter: (a) positive mains cycle and (b) negative mains cycle.

represent the equivalent interleaved boost rectifier stage duty
cycle. It is important to note that the same duty cycle is
considered in both interleaved branches (DA = DB) in order
to obtain the required dc-link voltage.

In order to compute both the input current ripple and the in-
terleaved branches current ripple, the equivalent circuit depicted
in Fig. 8 has been considered.

The applied output voltage in each branch is

Vs, 0 S t < DAT%W

Vo4 (t) = (2
07 DAJ—;'VV <t< I‘sw
v, 0<t<(Dp—1/2)Ts

Vo (t) = (D5 = 1/2) . 3)
Oa DBTQW < (t - ﬂ“/2) S ﬂw

The current ripple in the branch A Az 4 can be calculated
as

1 DTy
AiLs.A = T (U().A - /Uac)dt
' Ls,A Jo ’
-1 Tsuw
= 7 (UO,A - Uac)dt (4)
Lsa Jpur,.,
yielding Aips a4 = (Vac/fswLls a)(1 —Dy4). Similar re-

sults can be obtained for the branch B, Aip,p =
(Vac/fswLls p)(1 — Dp). Assuming Lg 4 = Ly p = L, the
mains input ripple Ai,. can be obtained as the sum of both
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Fig. 4. Main waveforms of the proposed converter. Waveforms for (a) the positive mains half period and (b) the negative.

interleaved branches:

1 Dy Ty
Alye = L_/ (Vo, 4 — Uac)dt
s JO

1 D Tsy
+— / Vo,B — Vac dt
Ls 0 ( v )

1 Dy Ty
= L_/ (V.4 + Vo,B) — 20,cdt (5)
s JO

where the sum of both branches voltage results in a periodic
waveform with double the switching frequency. Depending on

the value of the duty cycle, two scenarios are possible

Aiye =

yielding

Aty =

1 [PaTsw
fs/{) (vs + 0) — 2v,.dt, for Dy < %
1 [(Da-1/2)Tsw 1
E/O (vs 4+ vs) — 2v,cdt, for Dy > 3
_ 2(%—1)/,), for D, g%
L 1
2

1021

(6)



1022

i |
Cra (7c<0) !

Cra (7>0)
Cua (vac<0)

Sua (Vae>0) .
St (Va<0) s

Sea (Vac>0) Vs
Sua (Vac<0)

()
i (a>0)
Cup (rac<0) |

Cip (vae>0) m—
Cup (vac<0)

Sup (Vae>0)
St (Vae<0) s

3

St (Vac>0) Vs
Sup (Vac<0)

(b)

Fig. 5.  Main waveforms highlighting the soft-switching ZVS operation for
(a) the inverter branch A and (b) the inverter branch B.
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Fig. 6. Mains waveforms for a given nominal duty cycle D.

Fig. 9(a) shows the normalized ripple as a function of the duty
cycle Aiye = Adye /(Tswvac /Ls), whereas Fig. 9(b) shows the
ratio of the mains ripple and a phase ripple Aiye/Aip, 4 =
Ain/Airs p. As it shown, the minimum mains ripple is
achieved at 50% duty cycle, regardless the value of the boost
inductance or switching frequency. It is also important to note
that, as it has been derived in the previous expressions, the mains
ripple occurs at a double switching frequency, simplifying the
mains filter requirements. Additionally, since synchronous rec-
tification is provided by Sy, and Sy, ,, there is no minimum
value for Lg in order to obtain a continuous conduction mode
(CCM).

B. Equivalent Full-Bridge Series-Resonant Inverter

The full-bridge inverter topology is appropriate for medium-
high output power levels [1] because of its efficiency and ver-
satile control. In order to reduce switching losses, the operation
above the resonant point is preferred, leading to ZVS turn-on
transition which entails decreased switching losses and miti-
gated EMI issues.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 2, FEBRUARY 2017

Fig. 10 shows the main resonant converter waveforms, includ-
ing the output voltage v,, the load current ¢,, and the resonant
capacitor voltage v¢ . Using a matrix notation, the state variable
vector & = [i, ,vc,.]T can be defined for each switching interval
A;, with ¢ = 0, ..., 3. Each switching interval can be defined
according to the modulation parameters as follows:

1 1
(2 - ’2 - D’) Tsw (8)

1
(R

The differential equations system that defines the dynamic of
the converter is

Ay = Ay

A=Ay =

d%it) = Ax(t) + Bu,(t) (10)
where
_ 7RL/L7’ *1/Lr B— |:1/L,:| . (11)
1/C, 0 0

The temporal expression for each switching interval results
xi(t) = e X; + A7 (A —I) BV, (12)

where the initial conditions for each interval X; can be obtained
as

-1

Xy —ehBo I 0 0
Xy | 0 —eAlt I 0
X, | 0 0 —eAl I
X, I 0 0 —eAAs

Al (eAA“ — I) Bu,
0
SAT (A%
0

—1)Bu, (13)

The applied output power can be computed as a function of
the output voltage and the load current

p_ 1 /T At = /'dt /'dt (14)
o = Volo = 2 - )
EW 0 j;w
1 Ay

where the load current integral for a given switching interval
can be obtained as a function of the resonant capacitor voltage
at the beginning of each switching interval [23], yielding

Co(Ve,1—=Ve,0)— Ve, 3= Ve, 2)) .

Vg
E w

Considering the symmetry of the system Xy = —X; and
X3 = —X1, the output power expression can be simplified as
follows:

F, = 5)

Vs
P, =2—20C, (V(j,,,l - VC,',O) .

T;w (16)

IV. POWER LOSSES ANALYSIS

The proposed converter is composed of six active power de-
vices and additional passive elements. In this section, the main
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Fig. 8. Equivalent circuit for current ripple calculation.

power losses will be analyzed, with special emphasis in the ac-
tive devices, where both conduction and switching losses will
be detailed. In the case of the passive components, conduction
losses will be considered. Fig. 11 shows an equivalent power
loss schematic, where main conduction losses take place in the
equivalent conduction resistance. In the case of the converter
branches, i.e., , A, and B, the complementary activation of
the transistors yields to an equivalent transistor continuously
activated. Additionally, the direct ac—ac operation of the con-
verter equilibrates the power losses between both transistors of
the same branches for a mains period, leading to a balanced
50% power loss distribution. Since there are always two active
MOSFET devices and they are activated to maximize channel
conduction, i.e., minimizing dead times, the proposed simplified
model can be applied regardless the current flow direction.

A. Boost Inductors

In order to compute conduction power losses for each com-
ponent, it is required to obtain the main root-mean-square (rms)
current values as a function of the output power P, and the
mains rms voltage V. rms. In the case of the boost induc-
tances, Ly 4 = Ly p = L, the equivalent conduction resis-
tance has been divided into a low-frequency component rz s 1,p

~
Full-bridge resonant inverter

By assuming an input power factor close to one and P; ~ P,

P,

_ 17
Woems 17

ILs,LF,rms =
Besides, according to the previous analysis, the high-
frequency rms current can be obtained by (18) as shown at
the bottom of the page.
Leading t0 I1s g pyms = Dirs/ 21/3. Therefore, combining
(18) with (4), the average rms value during a mains period
results

1M A (®)
Tac Jo 2V/3
‘/‘acﬁrmsQ\/i (1 - D) Tow

2v/3L,

ILS,HF,rmS = dt

19)

™

B. Resonant Capacitor

The equivalent series resistance of the resonant capacitor can
be obtained from the loss factor, i.e., tan(d), leading to r¢, =
tan(9) /(27 fsw C,). The entire rms load current I, ;s flows
through the resonant capacitor, and consequently, power losses
can be directly computed. The output current can be easily
computed from the output power as follows:

B,
R’

(20)

Io,rms =

C. DC-Link Capacitor

Unlike the resonant capacitor, the dc-link current ripple fun-
damental frequency is twice the switching frequency. By ne-
glecting the mains current ripple, the instantaneous current value
in the dc-link capacitor is

(mains frequency), and a high-frequency component 71, yp by — 22 , 0<t< (% — |% - DD Tiw
(switching frequency ripple). The low-frequency rms current, o(t) = @1
ILsA,LFA,rms = IL:"‘A?LFﬁrms - IL&\B,LF,I'IIIS can be direCtly re- ‘e B 0 } DIT t<T /2 .
lated to the mains rms current, yielding I 75 1 7 yms = Jac,rms/2- ’ 2 sw SES Loy
Nigg, |1 [PT /¢ ? 1 0D T t— DTy \°
Ir ms = ——— A —— —— =1 dt+ — 1——— | dt 18
Lo ILE, 2 \/T’bw /0 DTbW N sw J DTy (1 - D)ivv ( )
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Fig.9 (a) Normalized mains current and (b) normalized mains current to phase current versus the duty cycle.
Xo X Xp Xs X power factor, the rms current value I, ,,,s results
v -
s PO
Ir rms — Iac.rms = (26)
/—\ ™~ ’ ' Vac,rms
A \/// Considering the reduced mains frequency, switching losses
A in the rectifier branch can be neglected.
Vo v
E. Inverter Branches A and B
< A W X > > Based on the symmetric modulation parameters, the rms cur-
0 1 2 3 . .
7 > rent value are equivalent in both branches 14 ;s = IB yms. By
neglecting the current ripple, this value can be obtained by
Fig. 10.  Main resonant converter waveforms. the contribution of the boost and the resonant inverter stages,

Both variables 7, and 7,. can be computed independently if
Toe.>>T,, is considered. The rms value of i, can be obtained
by an energy balance analysis [24], whereas a constant value for
a switching period is considered for 7,., yielding

ICSJms ~ <

2
Eo — Ec — Ep fac ’
S0 e b e JTZ1-2D
Ry (Toe/2) > +<2 It —2D

(22)
where
Eo = vC, (Ve, 1 — Ve, 0) (23)
Ec = % r (VC%r,l - VCQ*,,U) (24)
Ep = %L,. (12, -12,). (25)

D. Rectifier Branch r

The mains current flows through the rectifier branch, and
therefore, by neglecting the mains ripple and assuming high

yielding

IA.rms =

1 2
IB,rms = Z%,rms + <2iac,rms>
_|P, N 1/ P, \*
B RL 4 V;Lc,rms .

In order to decrease switching losses, a ZVS soft-switching
behavior is preferred (see Fig. 12), eliminating turn-on losses. In
order to compute the turn-off losses, a controlled current source
is used to model the transistor current during the transition,
whereas the transistor voltage is dominated by the equivalent
device output capacitance Cygs [25].

Therefore, the turn-off switching losses E,g results

27)

tr.i
Eog :/ id,oﬁ'(t)vds(t)dt (28)
0

t
tri

1 t
lio dt (30
Coss (Uds) + Coss (Us - Uds) / holt (tfl ) ( )

where

a0 (t) = Laon <1 - (29)

Vds (t) =
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and I . denotes the turn-off current. A turn-off losses energy
diagram is depicted in Fig. 13 for the selected SiC power module.

The minimum turn-off current Iy o min, to ensure the
charge/discharge of the output capacitance of the devices during
the dead time ¢4; results

Ovs Coss (1)) + Coss (vs
tar

—v)dv

Id,oﬁ,min = (31)

Therefore, by applying the minimum turn-off current required
to ensure the ZVS behavior, the soft-switching conditions result

(Io,O - ‘ZL6/2|) < _Id,oﬁ,min , for D < 1
(10,1 - ‘ZLS/QD > Ig,0ff min 2 (32)
('[073 - ‘ZLS/QD < _Id.oﬂ",min
. ' , for D> —.
(Io.,2 - ‘ZL9/2|) > Id,off,nlin 2

~
Full-bridge resonant inverter

Minimum input ripple

Duty cycle (D)
o
(4.

25 50 75 100 125 150 175 200 225 250
Switching frequency (kHz)

Fig. 14.  Efficiency plane as a function of the control parameters.

V. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the main simulation and experimental results
are summarized. The proposed converter can be controlled using
both the duty cycle, D, and the switching frequency fi, . As it
has been aforementioned, by holding the duty cycle to 50%,
the minimum mains current ripple is achieved. However, it is
important to note that the maximum efficiency can be achieved
by varying simultaneously the duty cycle and the switching
frequency. Both control strategies in order to minimize input
current ripple or maximize efficiency have been represented
in the efficiency diagram shown in Fig. 14. Depending on the
application and required performance, either the efficiency or the
input current ripple can be optimized accordingly. It is important
to note that with both strategies, the efficiency slightly decays
with reduced switching frequencies, mainly due to the higher
current ripple which leads to additional losses.

The proposed converter has been designed and implemented
to test the feasibility of this proposal. Table I summarizes the
main design parameters and operational conditions. As shown
in Fig. 15, the proposed converter has been implemented using
a commercial three-phase SiC module (CCS050M12CM?2) and
controlled using an FPGA (XC6SLX45) for versatile modula-
tion parameter control. A wide range of modulation strategies is
enabled in order to allow the design space exploration and op-
timization. The main waveforms, including the mains voltage,
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TABLE I
MAIN OPERATING RATINGS AND DESIGN PARAMETERS

Parameter Value
Input voltage 230 Vrms
Output Power 1-5 kW
Switching frequency range 50-200 kHz
Duty range 0.3-0.75
IH load
Lsa=0Lsp 150 pH
Ry 22Q
L, 70 uH
C, 270 nF
Power devices SiC module CCSO050M12CM2
Digital control device XC6SLX45

3 phases SiC Module (CCS050M12CM2)

DIGITAL|| Avg,rms & DIGITAL|| Avg, rms & DIGITAL|| Avg, rms &
PWM Vs PWM Vs PWM Vs

Fig. 15. Implementation diagram of the proposed converter.

operating at 100 kHz switching frequency have been depicted
in Fig. 16.

Fig. 17 shows the main waveforms of the proposed converter
close to the resonant frequency (50 kHz) and at a higher switch-
ing frequency (100 kHz) for 50% duty cycle. In these figures,
the correct converter operation in the whole output power range
can be observed. Besides, the main converter waveforms at 60
kHz for different duty cycles are shown in Fig. 18, showing its
influence on the input current ripple.

Fig. 19 shows the detailed converter waveforms including
the device control signals, and one half-bridge branch output
current %, 4 and output voltage v, 4 to highlight the ZVS soft-
switching operation for different operating conditions, includ-
ing resonance at 50 kHz and D = 50% (a), higher switching
frequency 100 kHz and D = 50%, and asymmetric operation
at 100 kHz, D = 60%. In this figure, it can be seen that ZVS
soft-switching conditions are achieved in the proposed converter
operation range.

Finally, both simulated and measured converter efficiencies
are shown in Fig. 20. Predicted values match the experimental
ones, exhibiting efficiency above 97% in the whole operating
range. To better understand the influence of each component,
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Fig. 17.  Main converter waveforms at 50% duty cycle. Waveforms at (a) 50
kHz and (b) 100 kHz. From top to bottom: output voltage v, (300 V/div), load
current i, (20 A/div), and lines current iy, 4 i, g (5 A/div). Time 10 pus/div.
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a power loss distribution graph is shown in Fig. 21 for 5 kW
output power. From this figure, it is clear that the main power loss
contributions are due to the inductors and inverter branches—the

focus of future efficiency optimizations.
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Converter waveforms for different duty cycles at 60 kHz switching
frequency. Waveforms for D = 50% (a), D = 40% (b), and D = 60% (c).
From top to bottom: output voltage v, (300 V/div), load current i, (20 A/div),
mains current i, (5 A/div), and phase current iy, 4 (5 A/div). Time 10 ps/div.
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Fig. 19.

Half-bridge branch waveforms highlighting ZVS soft-switching for

different operating conditions: 50 kHz and D = 50% (a), 100 kHz and D =

50% (b), and 100 kHz and D =

60% (c). From top to bottom: control signals

(20 V/div), half-bridge branch output voltage v, 4 (100 V/div), and half-bridge

branch output current i, 4 (10 A/div). Time 5 ps/div.
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Fig. 20  Simulated (lines) and measured (dots) efficiency for the minimum
input ripple and the maximum efficiency control strategies.
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Fig.21. Main analyzed power losses for the maximum output power (5 kW).

VI. CONCLUSION

In this paper, an interleaved boost resonant inverter for IH
applications was proposed and deeply analyzed. The proposed
converter enables high efficiency and high-performance opera-
tion, with improved control and reduced input current ripple.

An analytical model for the proposed converter was provided
and a detailed power loss analysis was performed, enabling the
converter design and optimization. The proposed converter was
designed and implemented taking advantage of SiC technology,
and the main experimental results proving the feasibility of
this topology was discussed. As a conclusion, the interleaved
boost resonant converter was proposed as a high-performance
topology for industrial IH applications.
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