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Abstract

This work presents a comparative analysis and design procedure of a converter based on an
LLC resonant inverter used for induction heating applications depending on the transistor
technology used and the selected operating frequency. A major objective of the work is
to determinate the inverter design requirements leading to the optimal sizing of the com-
ponents, improving its operation and minimizing power losses. Additionally, it proposes
a design to obtain a great insensitivity of the inverter operation against large variations of
load impedance. This article analyzes the operation of the inverter where the power reg-
ulation is carried out by phase-shift (PS) modulation. Simple rules are formulated for the
design of the resonant circuit components. The design has been verified testing a 25-kW
inverter in an industrial application of induction hardening operating at 500 kHz. Inverter
efficiency is around 98.5% when using Silicon Carbide (SiC) MOSFETs.

1 INTRODUCTION

Induction heating is a heat treatment used in several industrial
applications [1]. The part to be heated, called work-piece, is
placed in a magnetic field generated by a coil, called heating
inductor, that is fed by using a high current and high frequency
power supply [2]. The Foucault or eddy currents induced in the
surface of the work-piece originate the heat due to Joule and
hysteresis losses. The depth of the heated zone, called penetra-
tion depth δ, depends on the current frequency due to the skin
effect as well as the heat conduction property. Higher operating
frequencies have a shallow skin depth, while lower operating
frequencies have a thicker skin depth and greater depth of
penetration [3].

The load of induction heating converters is formed by the
heating inductor and its equivalent loss resistance which may
be connected in series or parallel depending on the model. In
order to compensate the reactive energy of the load, a capacitor
is added resulting in this way a resonant load. The capacitor may
be connected in series, in series resonant inverters (SRI) [4–6]
or in parallel, in parallel resonant inverters (PRI) [7–9]. Both are
used for forging, welding, melting, hardening and more metal
heat treatment applications.
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SRI power regulation can be made through phase shift (PS)
[12, 13], pulse frequency modulation (PFM) [10, 11], or pulse
density modulation (PDM) [14, 15]. SRI output current should
be boosted by using transformers. PRI can achieve high induc-
tor currents without a matching transformer, but they normally
need a regulated current input source to control the output
power. PRI inverters are complex and expensive circuits with
a large input inductance that acts as a current source. The topo-
logical position of this inductance can be changed at the output
of the inverter, in series with the parallel resonant circuit, result-
ing in an LLC resonant inverter that maintains PRI properties
using a simple DC input voltage source, easily achievable power
control strategies and with a good behaviour in front of short
circuit [16–18]. Note that the output power factor of the circuit
is determined by the inductance Ls, even in parallel resonance,
increasing the stress of the components.

The previously published studies determined that the opera-
tion of the LLC inverter is based on switching near the input
resonant frequency of the LLC circuit [17, 18]; however, in
these conditions the output current values and the stress of the
power components are high compared to the SRI inverter. The
main objective of this work is to find the optimal design LLC
inverter. This optimization consists of obtaining a reduction of
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FIGURE 1 LLC resonant circuit.

the square root of the mean square (RMS) inverter output cur-
rent to minimize conduction losses in the entire power circuit:
transistors, conductors, capacitor and inductors. Also, it reduces
the switching current to decrease losses in the transistors.

After making an inverter comparative study according to the
transistor technology and the switching frequency selected, this
paper will present an LLC inverter design procedure where the
operating frequency is chosen in order to get optimal inverter
operation. In addition, it will be verified that the operation of
the LLC inverter at this working frequency is very insensitive to
large changes in the load impedance compared to the operation
of the classic inverter.

The article is divided into the following sections: Section 2
provides the LLC resonant circuit state of art applied to an
induction heating application. Section 3 shows a design method
to work at different frequencies based on the configuration and
operation of the LLC inverter. Section 4 presents the com-
parative analysis results with different transistor technologies
and working frequencies. Section 5 introduces the phase-shift
(PS)-based power control system, analyzing its operation and
making a comparative power loss study, and Section 6 demon-
strates the viability of the PS control system with experimental
results.

2 THE LLC RESONANT CIRCUIT

Three reactive components make possible the LLC resonant
circuit configuration, two inductors and a capacitor (LLC),
connected with the equivalent load resistance as shown in
Figure 1.

The LLC circuit can be considered a series-parallel hybrid.
The input inductance acts like a current source connected to
a voltage-fed inverter which simplifies the input section of the
converter similar to SRI. The output has a capacitor in parallel
as in parallel resonant circuits. All this will help to maintain some
of the most advantageous of both circuits.

The specifications for the design of the inverter will be
obtained by solving a specific application. In this case it is a
surface hardening application. Single-shot hardening systems
employ the use of rotated components in the inductor, and
the entire area is heated at the same time for a pre-determined
amount of time. The induction heating system must be designed
taking into account the particular specifications of the appli-
cation, that is, the characteristics of the part to be heated, the
depth of penetration and the geometry of the inductor. The
working frequency, which must be close to resonance, and the
inverter power is determined using design procedures based

TABLE 1 Hardening application specifications

Magnitude Symbol Value Unit

Material 1040 carbon steel

Penetration depth δ 2 mm

Heating time T 3 s

Work-piece diameter WD 100 mm

Heating length HL 5 mm

Inductor turns N 1

Inductor diameter ID 120 mm

TABLE 2 Results obtained for the application

Magnitude Symbol Value Unit

Operation frequency f 450 kHz

Heated area HS 1571 mm2

Surface power density σP 15.5 W/mm2

Inverter output power Po 25 kW

TABLE 3 Parallel resonant components

Magnitude Symbol Value Unit

Inductor inductance Lp 0.5 μH

Quality factor Qp 6

Equivalent parallel resistor Rp 8.45 Ω
Inductor and capacitor voltage vo 460 VRMS

Resonant capacitor C 0.25 μF

on data obtained in previous studies [2, 19]. Table 1 shows
the starting data and the results obtained, for example, of a
single-shot hardening application over a cylindrical piece of
steel. The parameters of the hardening, the heating time and
dimensions of the part and the inductor have been chosen
freely.

Based on the works of Lozinskii [19], from the penetra-
tion depth and the heating time we can obtain the working
frequency f and the surface density of power σP necessary to
cover the application. Once the heating surface, calculated as
HS = π⋅WD⋅HL, has been determined, the total inverter out-
put power required can be obtained whose value Po = σP⋅HS.
Table 2 shows the results obtained.

These results allow the calculation of the parallel resonant
circuit components considered as the LLC output stage, which
are shown in Table 3. The value of the heating inductor induc-
tance Lp is obtained from its geometric parameters [20, 21]. The
value of the parallel resonant circuit quality factor Qp depends
on many other factors such as the gap distance between the
inductor and the surface of the work-piece, the working fre-
quency and the electrical and magnetic characteristics of the
material to be heated, which are a function of its temperature.
From previous experiences in the application, we can determine
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1756 ESTEVE ET AL.

a value of Qp = 6, constant in practice before exceeding the
Curie temperature of the material [22]. Operating close to the
parallel resonant frequency (f ≈ fop), Qp is determinated by

Qp =
RP

Lp𝜔op
(1)

where ωop = 2πfop. If we neglect the losses in the parasitic com-
ponents of the circuit, the inverter power is dissipated in the
equivalent resistance of the resonant circuit and therefore the
voltage vo across the resonant capacitor can be obtained as

vo =
√

PoRp (2)

The value of the resonant capacitor can be calculated with

C =
1

𝜔2
opLp

(3)

Table 3 shows the summary of the results obtained.
Based on these starting data, the input impedance Z(ω) of the

LLC resonant circuit can be written as [23]

Z (𝜔) = Lp𝛽 𝜔op

1

𝛽
−

(
𝜔

𝜔op

)2

+ jQp
𝜔

𝜔op

[
𝛽+1

𝛽
−

(
𝜔

𝜔op

)2]

Qp

[
1 −

(
𝜔

𝜔op

)2]
+ j

𝜔

𝜔op

(4)
where ω is the operating angular frequency and β is the ratio
between the inductances

𝛽 =
Ls

Lp
(5)

The voltage gain Hv(ω) is the relationship between the heat-
ing inductor voltage vo(ω) and the inverter output voltage vd(ω)
(see Figure 1) which can be expressed as

Hv (𝜔) =
vo(𝜔)
vd (𝜔)

=
Z (𝜔) − jLs𝜔

Z (𝜔)
(6)

which means that the heating inductor voltage can be designed
as a function of the factor β.

Figure 2 shows the frequency response of the main quantities
that describe the LLC circuit.

With the impedance plots shown in Figure 2 the following
can be concluded

∙ The real part of the impedance has its maximum at the
parallel resonant frequency ωop.

∙ The real part of the admittance has its maximum at the
equivalent resonant frequency ωo.

∙ There is a minimum in the impedance argument at a
frequency ωm between the two frequencies above.

FIGURE 2 Impedance module (red), impedance argument (magenta),
real part of impedance (blue) and real part of admittance (green) of the circuit
resonant LLC.

FIGURE 3 LLC resonant inverter.

With these assumptions the optimal operating point can
be deduced. Working near ωop the inverter output current
will be reduced and near ωo the maximum possible power
will be obtained. In both cases the phase is relatively large
and this makes the inverter current values (RMS and switch-
ing) high; however, operating near the minimum of the
impedance argument, an optimal output power factor could be
achieved.

It is also necessary to analyze the behaviour of the cir-
cuit against change in its equivalent resistance Rp (change
of Qp), as occurs when the part inside the heating induc-
tor moves quickly or when the Curie temperature of the
material is exceeded in heat treatment processes. In the
following sections, we proceed to carry out a complete
comparative study of the working conditions in each case
to choose the optimal working condition of the LLC
inverter.

3 RESONANT LLC INVERTER DESIGN

The LLC inverter is composed of an H-bridge circuit fed by DC
voltage and an LLC resonant circuit connected to its output as
shown in Figure 3.
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ESTEVE ET AL. 1757

FIGURE 4 Equivalent circuit of resonant inverter LLC.

For high enough values of Qp the output voltage vo(θ) has an
approximated sinusoidal value

vo(𝜃) = Vp sin(𝜃) (7)

where Vp is the peak value of vo(θ). Thus, the resulting simplified
circuit is shown in Figure 4.

From the analysis of the circuit shown in Figure 4 the
following equation can be written:

vd (𝜃) − vo (𝜃) = Ls
d
dt

i (𝜃) (8)

where vd (θ) is

vd (𝜃) =
|||| Vd if 0 ≤ 𝜃 < 𝜋

−Vd if 𝜋 ≤ 𝜃 < 2𝜋
(9)

Integrating (8) and solving the integration constants in order
to have a continuous function, it can be obtained

i (𝜃) =

||||||||
Vd

Ls𝜔

(
𝜃 + n cos (𝜃 + 𝜙) −

𝜋

2

)
if 0 ≤ 𝜃 < 𝜋

−Vd

Ls𝜔

(
𝜃 − n cos (𝜃 + 𝜙) −

3𝜋
2

)
if 𝜋 ≤ 𝜃 < 2𝜋

(10)
where n = Vp/Vd = 1.2 with Vd = 540 V and φ is the phase
between the resonant output voltage vo and the inverter output
voltage vd that can be calculated with

𝜙 = arg(Hv (𝜔)) (11)

When the operating frequency is close to the resonant fre-
quency, only the RMS values of the first harmonics of the
voltage involved in the circuit can be considered for the calcula-
tion of the voltage gain and, therefore, the following equality is
fulfilled.

|Hv| = Vp∕
√

2

4Vd∕𝜋
√

2
= n

𝜋

4
(12)

To analyze the operation of the LLC inverter in each of the
three frequencies mentioned in the previous section, we have
to introduce the corresponding values of ω. Operating at the
parallel resonant frequency the value of ω is

𝜔 = 𝜔op (13)

TABLE 4 Design data

Operation frequency

Magnitude Sym. Equation ωop ωm ωo Unit

Frequency f (13)–(15) 450 460 481 kHz

Ind. ratio β (5) 3.4 5.2 6.9

vd to vo phase Φ (11) 31.3 51.7 98.5 ◦

Ind. series Ls (5) 1.7 2.6 3.5 μH

If the inverter operates on the resonant frequency of the LLC
resonant circuit, ω is [17]

𝜔 = 𝜔o = 𝜔op

√
𝛽 + 1
𝛽

(14)

To obtain the intermediate frequency we must solve (4) for
the frequency that fulfils the following equality [23].

arg(Z (𝜔m )) = − arcsin
(1

n

)
(15)

Assuming that the parallel equivalent Rp does not change
appreciably in the range between ωop and ωo, it follows that
the power of 25 kW is reached as long as the output voltage
of the resonant circuit is kept at 460 VRMS, which indicates that
n remains constant. In this case, it is possible to solve (12) in
each case to get the value of β that can be introduced in (11) to
calculate φ, and in (5) to obtain Ls.

Table 4 shows the values of the design that results in each
operation frequency.

By entering the values from Table 4 in (7), (9) and (10) the
corresponding waveforms are obtained, which are shown in
Figure 5.

Note that the value of the current in turn-on switching
in all cases is negative (inductive commutation); therefore,
zero voltage switching (ZVS) condition is achieved and
most of the switching losses correspond to the turn-off
switching.

4 COMPARATIVE RESULTS

This section shows the results of a feature comparison over an
inverter built with different transistor technologies and operat-
ing at different frequencies to choose the optimal design taking
into account, mainly, the efficiency of the inverter. The com-
parative study is carried out using the results from the previous
section shown in Table 5.

The inverter working at ωo has a large output power factor
because it requires a higher current to obtain the same out-
put active power. This will decrease the inverter efficiency and
increase the stress of its power components, so we could reject
this operation mode. If the inverter operates in ωop or ωm the
current values are similar and a more precise loss analysis is
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1758 ESTEVE ET AL.

FIGURE 5 Waveforms of the LLC resonant inverter for ωop (first row),
ωm (second row) and ωo (third row). The blue curve corresponds to the
inverter voltage vo(θ), the magenta one to the output current i(θ) and the green
one to the voltage of the parallel resonant circuit vo(θ).

TABLE 5 Comparative results (i)

Operation frequency

Magnitude Sym. ωop ωm ωo Unit

Peak current Ip 72 71 94 A

Switching current Ic 61 60 91 A

vd to io phase arg(Z) 21.8 29.2 50.9 ◦

RMS current IRMS 54.6 55.4 68.9 A

required to decide which of these two operating frequencies will
be optimal.

4.1 Output power, losses and efficiency
analysis

In this sub-section, we have compared the power losses of
the inverter for the chosen frequencies and for two types
of transistors: Si insulated-gate bipolar transistor (IGBT) and
SiC MOSFETs, which are currently very popular in power
electronics applications.

The output power of the inverter is 25 kW and can be
calculated, neglecting losses, using (16):

Po = IRMS

nVd√
2

cos(arg Z (𝜔)) (16)

whereωmust be taken the values derivated from Equations (13)
to (15).

A power losses analysis has been carried out considering the
contribution of conduction losses (Pcd) and switching losses
(Psw) to total losses (Ptot) [6, 24]. For the analysis of Psw, we will
only take into account the turn-off losses of the inverter transis-
tors because the turn-on switching losses are negligible due to
ZVS condition.

The inverter is a full bridge that uses two units in parallel
for each switch. The transistors chosen are the SiC MOS-
FET C3M0065100K of VDS = 1000 V and RDSon = 65 mΩ
and the Si IGBT FGH75T65SHDTL4 of VDS = 650 V
and VCE(sat) = 1.6 V that offers a good performance for
high-frequency applications.

For MOSFETs, considering that both positive and nega-
tive current flow through the resistive channel, the conduction
losses for each unit can be calculated using (17).

Pcd =

(
IRMS

2
√

2

)2

RDSon (17)

For IGBTs, the conduction losses analysis must take into
account that the positive current flows through the transistor
while the negative current flows through the diode according to
(18).

Pcd =
1

2𝜋

(
∫

arg(Z (𝜔))

0

i (𝜃)
2

vF d𝜃 + ∫
𝜋

arg(Z (𝜔))

i (𝜃)
2

vCE (sat )d𝜃

)
(18)

To make this calculation we can use a linear approximation
of the transistor and diode direct characteristics. This means
that the relations between the device drop voltage and cur-
rent (vF and iF for the diode and vCE and iC for the transistor)
are

vF = k1i𝜃 + k2 and vCE (sat ) = k3i𝜃 + k4 (19)

For the power device used in our inverter the values of the
constants are: k1 = 0.016 Ω, k2 = 0.9 V, k3 = 0.006 Ω and
k4 = 1.2 V.

On the other hand, it can calculate the switching power
losses of both types of transistors using the curve of the turn-
off switching energy Eoff given by the manufacturer using the
following polynomial function.

Eo f f = a I 2
c + b Ic + c (20)

 17554543, 2023, 10, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/pel2.12484 by U

niversitat D
e V

alencia, W
iley O

nline L
ibrary on [05/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ESTEVE ET AL. 1759

TABLE 6 Losses and efficiency comparative results

Operation frequency

Magnitude Sym. ωop ωm ωo Unit

Conduction
losses per
transistor

Pcd 24.2
20.2

24.9
20.2

38.6
23.9

W

Switching
losses per
transistor

Psw 23.6
209.2

22.7
204.2

52.0
371.9

W

Inverter total
losses

Ptot 382.6
1835.2

380.8
1795.2

724.8
3166.4

W

Efficiency η 98.5
92.7

98.5
92.8

97.1
87.3

%

where Ic is the transistor switching current and a, b and c take
next values for each transistor type.

MOSFET IGBT

a = 0.0575 μJ A−1/2 a = 0.1352 μJA−1/2

b = −0.585 μJA−1 b = 10.62 μJA−1

c = 16.25 μJ c = 11.74 μJ

Therefore, the switching turn-off losses can be calculated as

Psw = Eo f f f (21)

Since the inverter has eight transistors, to calculate the total
power losses we use the next equation

Ptot = 8 (Pcd + Psw ) (22)

The efficiency of the inverter can be calculated using (23).

𝜂 =
Po

Po + Ptot
(23)

Table 6 shows the results of this loss analysis. The upper
number of each cell corresponds to IGBT devices and the lower
number to MOSFET devices. It is clearly appreciated that the
conduced losses are similar but switching losses are reduced sig-
nificantly due to the use of SiC MOSFET transistors, especially
indicated for high-frequency applications [32].

Figure 6 shows graphically the results confirming that the use
of SiC MOSFET transistors is preferred due to its low switch-
ing losses. Operating the inverter at ωo causes higher power
losses. This comparative study shows that working at ωop or ωm
determines similar benefits in terms of power losses.

4.2 Post-Curie behaviour analysis

During heating of a metallic material, the resistivity and, in the
case of ferromagnetic loads, the permeability vary in a non-

FIGURE 6 Comparison of the total inverter power losses with Si IGBT
and SiC MOSFET working at three operation frequencies.

FIGURE 7 Hv in function of Qp for different designs.

linear manner. This variation appears as a change in the values
of Rp. For steel this change is dominated by the effects occur-
ring at the Curie temperature (770◦C), where the quality factor
Qp rapidly rises until values higher than 20 [22].

A large change in Qp can cause over-voltages and over-
currents at the inverter output that could only be prevented by
a fast-responding control circuit varying the duty cycle of the
switches to control the inverter output. For this reason, it would
be preferable to choose the LLC inverter design, which is most
insensitive to these changes. For this, a study of the evaluation
of the voltage gain Hv must be carried out, solving (6) for var-
ious values of Qp. Figure 7 shows the results of this study for
each design where the gain is expressed in dB for a better under-
standing. It is observed that the operation of the LLC inverter
working in ωop is much more insensitive to changes in Qp. This
feature added to the result of the loss study implies that the ωop
must be the optimal operation frequency of the LLC inverter.

5 INVERTER POWER CONTROL

There are various methods for regulating the voltage-fed invert-
ers output power. In PFM [16], the output power can be
controlled by varying the switching frequency while the inverter
operates under a ZVS scheme. Other combined methods
[25–27] and asymmetrical pulse width modulation [28] can be
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1760 ESTEVE ET AL.

used for LLC resonant converters. The PS control [29–31] is
also applicable.

Using PFM in all LLC inverter designs the switching cur-
rents can be increased related to the RMS value of the current,
decreasing unnecessarily the efficiency. In PS the phase ϕ
between the conduction of the two legs of the full bridge allows
varying the RMS value of the voltage applied to the resonant
circuit and, hence, the output power. The reactive currents will
circulate inversely through the transistors except for the neces-
sary dead times. The next equations present vd(θ) and i(θ) in the
function of the PS ϕ.

vd (𝜃) =

|||||||||||||

0 if 0 ≤ 𝜃 < 𝜑

Vd if 𝜑 ≤ 𝜃 < 𝜋

0 if 𝜋 ≤ 𝜃 < 𝜋 + 𝜑

−Vd if 𝜋 + 𝜑 ≤ 𝜃 < 2𝜋

(24)

i (𝜃) =

|||||||||||||||||||||

Vd

Ls𝜔

(
n (𝜑) cos

(
𝜃 + 𝜙 −

𝜑

2

)
+
𝜙 − 𝜋

2

)
if 0 ≤ 𝜃 < 𝜑

Vd

Ls𝜔

(
𝜃 + n (𝜑) cos

(
𝜃 + 𝜙 −

𝜑

2

)
−
𝜋 + 𝜑

2

)
if 𝛾 − 𝜋 + 𝜑 ≤ 𝜃 < 𝛾

Vd

Ls𝜔

(
n (𝜑) cos

(
𝜃 + 𝜙 −

𝜑

2

)
+
𝜋 − 𝜑

2

)
if 𝛾 − 𝜋 ≤ 𝜃 < 𝛾 + 𝜑

−Vd

Ls𝜔

(
𝜃 − n (𝜑) cos

(
𝜃 + 𝜙 −

𝜑

2

)
−

3𝜋 + 𝜑

2

)
if 𝛾 + 𝜑 ≤ 𝜃 < 𝛾 + 2𝜋

(25)

Both equations agree with Equations (9) and (10) for the case
of ϕ = 0. Note that the value of n is now not constant since Vp
decreases as the RMS value of vd decreases.

5.1 Output power, losses and efficiency
analysis with PS

The calculation of the output power is carried out with Equation
(27) obtained analogously to Equation (16) taking into account
the values of n(ϕ) that can be calculated as

n(𝜑) = ||Hv (𝜔)|| 4
𝜋

cos
(𝜑

2

)
(26)

and calculating IRMS(ϕ) integrating (25).

Po(𝜑) = IRMS (𝜑)
n(𝜑)Vd√

2
cos(arg Z (𝜔)) (27)

To calculate the inverter losses and the efficiency we use
equations similar to (17) to (23) but taking into account that
now the commutation current Ic depends on the PS. In addi-
tion, this current will take different values in the main branch
(Q1 and Q3) and in the lagged branch (Q2 and Q4) [24]. Figure 8
shows the results of this loss analysis as a function of the output
power.

It can be seen that the efficiency of the LLC inverter designs
working inωop andωm is optimal since the IRMS values and the
switching currents are similar; however, the design working in

FIGURE 8 Evolution of the power losses and the efficiency of the
inverter as a function of the output power.

FIGURE 9 LLC inverter test bench. Labels indicate the items listed
above.

ωo has a lower efficiency since the conduction losses are higher
and, mainly, the switching losses are much larger because of the
switching current compared to the other designs. For this rea-
son, this design could be discarded. It is important to highlight
that working at high frequencies the operation of the inverter
is possible thanks to the high performance of SiC MOSFET
transistors compared to Si IGBT or Si MOSFET transistors
[32].

5.2 LLC inverter control strategies

Generally, inverters in induction heating applications work with
constant power regulation. This is achieved by means of a feed-
back loop that compares the demanded power with the output
power obtained as the mean value of the instantaneous multipli-
cation of the output current and voltage. This loop acts on the
PS control circuit [15].

To keep the inverter operating close to the designed fre-
quency different algorithms must be used. For the design in
ωop, an oscillator circuit controlled by an integrator [24] can be
used keeping the phase between the output capacitor voltage
and the inverter output current near 0◦. In the case of ωo, a
similar circuit must set the phase between the output voltage of
the inverter and the inductor voltage [17] around 90◦. Keeping
the frequency close to ωm is somewhat more complicated and
requires the use of a minimum phase detector circuit [23].
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ESTEVE ET AL. 1761

FIGURE 10 Experimental waveforms of the LLC inverter for ωop (first row), ωm (second row) and ωo (third row) working at full power (left column) and with
phase-shift of 90◦ (right column). C1 (dark blue) is the output voltage (200 V/div), C2 (magenta) is the output current (20 A/div for ωop and ωm and 50 A/div for
ωo) and C3 (light blue) is the inductor voltage (200 V/div). Time base is 500 ns/div.

6 EXPERIMENTAL RESULTS

This section shows the experimental results that have been
obtained testing a 25-kW power prototype working at a fre-
quency higher than 450 kHz. The inverter was powered by a
540 V DC voltage source. The values of the components of the
resonant circuit are those obtained in Sections 2 and 3. In order

to verify experimentally the design, a test setup has been made
with these elements:

A. A complete inverter bridge with eight SiC C3M0065100K
MOSFETs with an integrated digital electronic control
on an FPGA-based system mounted on a water cooling
heatsink.
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1762 ESTEVE ET AL.

FIGURE 11 Experimental waveforms of the LLC inverter with change of Qp from 6 to 20. Left waveforms correspond to the design in ωop. Right waveforms
correspond to the design in ωm. C1 (dark blue) is the output voltage (200 V/div), C2 (magenta) is the output current (20 A/div) and C3 (light blue) is the inductor
voltage (200 V/div). Time base is 5 μs/div.

B. A set of 1.7, 2.6 and 3.5 μH inductors compound with Litz
wire.

C. A high-power capacitor of 0.25 μF usable for induction
heating.

D. A water-cooled solenoidal heating inductor of 0.5 μH.
E. A water-cooled test dummy load.

Figure 9 shows a picture of the test bench used to obtain
the following experimental results. Note that the design of the
heating inductor and the work-piece have been amended from
those described in Section 2 to allow long-term tests.

Figure 10 shows digital storage oscilloscope (DSO) mea-
surements of the main waveforms of the LLC inverter for
different designs operating at full power (left) and with a PS
of 90◦ (right). The expected output voltage, current, power and
frequency values have been obtained with sufficient accuracy
despite the dispersion of the real values of the components
used.

To test experimentally how the inverter output behaves with
changes in Qp, the following waveforms have been captured
when part of the load is quickly extracted from inside the induc-
tor in order to implement a change of Qp from 6 to aproximately
20. The input DC voltage was reduced to 200 V to prevent over-
voltages. It is verified that the changes of the resonant circuit
output voltage correspond to those foreseen in Section 4. This
experiment has not been carried out with design in ωo, which
would have to withstand too large voltage changes. Figure 11
shows the obtained experimental results.

The amplitude of the inverter output current decreases for
the design in ωop while it increases in the other case that would
only lead to a temporary overheating of the power compo-
nents. On the other hand, the amplitude of the output voltage
increases slightly for the ωop design while it increases with a
factor close to 2 for the case of design in ωm. This situation
would persist for some time until the power feedback control
corrects the inverter duty cycle; meanwhile, the capacitors of

FIGURE 12 Experimental output power and efficiency of LLC inverter
in function of output power. The dashed lines represent the calculations and
the marking symbols represent the experimental measurements.

the LLC circuit could be damaged due to overvoltage. These
results confirm that the ωop design is preferable.

Figure 12 shows the experimental and calculated measures
of efficiency. Note that the efficiency is greater than 98% for
designs in ωop and ωm. The differences that are observed
are due to the existence of other losses that have not been
considered and to the error of the measurement process.

7 CONCLUSIONS

This article proposed how an LLC inverter can be used more
efficiently if the operating frequency is close to the resonance
of the parallel resonant circuit. A complete design procedure has
been presented that allows designing an LLC resonant inverter
for a given application. A novel method has been shown to find
the working conditions corresponding to the LLC designs in
three singular operating frequencies. A comparative study has
been carried out to choose the optimal design consisting of
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ESTEVE ET AL. 1763

an LLC inverter that works at the parallel resonant frequency.
Under these conditions, there will be less current stress on the
resonant circuit components and through connections. At the
same time, the conduction and switching losses are minimized
and the efficiency of the converter is maximized. In addition,
this design provides a good behaviour against large load changes
with a reduced dimensioning of the series inductor.

An inverter output power control technique based on
PS modulation has also been presented. Its application has
made it possible to evaluate the evolution of the efficiency
of the inverter against the output power of the inverter.
The viability of this design has been verified with the con-
struction and test of a 25-kW LLC inverter using SiC
MOSFET transistors in a high-frequency induction heating
application.
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