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Abstract: This paper presents new resonant inverter topologies for dual-frequency induction heating
(IH). These 2T1C and 3T topologies combine the advantageous features of two- and one-inverter
solutions. An analytical description of the load impedance of a dual-frequency series-parallel circuit
has been made. Using manufacturer datasheets and LTspice models of selected transistors, a MATLAB
model was parameterized. Based on it, power losses are determined as a function of the following
parameters: nominal power, frequency and DC bus voltage. The obtained results allowed for
determining the data necessary in the design process. The research has been experimentally verified.
Tests were carried out for pulsing and simultaneous operation. Power control characteristics as a
function of frequency are determined. The possibility of operating the inverter with high efficiency
(>97%) in the proposed 2T1C and 3T systems at nominal power is demonstrated.
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1. Introduction

Research on induction heating (IH) dates back to the 19th century. In 1887, Sebastian
de Ferranti, an English electrical engineer, proposed an induction furnace for metal melt-
ing [1]. In recent decades, IH systems have found many practical applications and have
become a subject of intense research. They are mainly applied in industry [2-4], domestic
applications [5-7] and medicine [8-10]. IH technology has been an increasingly attractive
research area due to advantages over conventional heating methods [11-13]. These are
mainly faster heating times, improved safety and higher efficiency.

A common case encountered in industry is the need to improve the mechanical prop-
erties of irregularly shaped components, such as gears. Depending on the application,
different surface hardness profiles of the gear wheel are required. Modeling the hardness
profiles of gears is problematic, mainly due to the different couplings between the inductor
and the root and teeth areas. In addition, there is significant heat transfer from around the
roots into the gear. The parameters that have a significant effect on obtaining the desired
hardness profiles are frequency, power, cycle time, inductor geometry and cooling condi-
tions. Obtaining a uniform temperature distribution is closely related to the penetration
depth of the eddy currents [14]. This depth decreases as the frequency of the inductor
current increases. The eddy current (and indirectly temperature) distributions for heating
with a high-frequency (HF) current, a medium-frequency (MF) current and a current with

Copyright: © 2024 by the authors.

both HF and MF components are indicated in Figure 1.
Licensee MDPI, Basel, Switzerland.

The four basic concepts of induction hardening of gears are shown in Figure 2. They
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P are as follows [15,16]:

distributed under the terms and
e Conventional single frequency (CSF). It is used for small- and medium-sized gears.

Pulsing single frequency (PSF). The heating process is divided into two parts. The first
one is longer and is a pre-heat. It is performed at a lower power, allowing the heat
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flow to reach the root without overheating the teeth at the same time. The second one
is a post-heat, which is performed at a much higher power and in a much shorter time.

e  Pulsing dual frequency (PDF). It is similar to the previous one. Pre-heating is carried
out when the inductor is supplied with an MF current. HF current and much higher
power are used for post-heating.

e  Simultaneous dual frequency (SDF). It is characterized by the fact that the inductor
is supplied with a current with two components, HF and MF, simultaneously. The
hardening process can be carried out in different ways. It is possible to adjust the
on/ off times of individual components, as well as their power.

) <‘>
(a) (b) (©)

Figure 1. Distribution of eddy currents in a gear wheel for components (a) HF, (b) MF and (c) HF+MF.
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Figure 2. Methods for induction hardening of gears (1—heating, 2—quenching, 3—tempering):
(a) CSF; (b) PSF; (c) PDF; (d) SDE.
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Based on these concepts, it can be assumed that the ability to generate mono- and poly-
harmonic currents is needed. The dual-frequency inverter solutions for IH presented in the
literature and patent claims can be divided into two groups. The first are complex systems
with two inverters [17,18], and the second are simple systems with one inverter [19]. The
complex systems consist of two separate voltage source inverters with outputs connected
to independent matching transformers. The secondary sides of the matching transformers
are equipped with HF and MF resonant circuits, respectively. This solution is character-
ized by flexibility due to the possibility of controlling individual frequency components
of the inductor current. In addition, it is possible to adjust the load impedance minima
independently by changing the transformers’ turns ratios. The simpler systems consist
of one voltage source inverter with the output connected to a matching transformer. The
secondary side of the matching transformer is equipped with a dual-frequency resonant
circuit. This solution is characterized by simplicity but also by mismatching the load
impedance minima related to the occurrence of series resonances [20-22]. In addition, there
are solutions with one inverter without matching transformers, but in this case, there is
also a mismatch of load impedance minima [23]. The above solutions allow operation in
pulsing and simultaneous modes. There are also solutions that allow dual-frequency IH in
pulsing mode only [24].

The novelty of this article is the proposal of new resonant inverter topologies for
dual-frequency IH. These 2T1C and 3T topologies combine the advantageous features
of two- and one-inverter solutions, i.e., the ability to control individual components of
the inductor current and independently adjust the load impedance minima (independent
matching transformers), as well as simplicity. Both proposed topologies are protected by
Polish patent claims [25,26]. A comparison of the basic properties of these and similar
systems for dual-frequency IH covered by the patent claims is shown in Table 1.

Table 1. Systems for dual-frequency IH presented in the patent claims.

Independent Control of HF and Load Impedance Matching for the

Patent No. System Type MF Components Components HF and MF
EP1363474A2 complex Yes Yes
EP2147983A1 complex Yes Yes
EP2148551A1 simple No No

PL241666B1 simple Yes Yes
PL439134A1 simple Yes Yes

The remainder of this paper is organized as follows. Firstly, the proposed 2T1C and 3T
topologies of dual-frequency inverters are presented in Section 2. Considering the proposed
application and system properties, the load impedance of a dual-frequency series-parallel
circuit is analyzed in Section 3. Based on manufacturer datasheets and LTspice models
of selected transistors, a MATLAB (R2021b) model is parameterized in Section 4, which
allows the determination of power losses. Section 5 presents the main implementation and
experimental results proving proper operation. Finally, the main conclusions of this paper
are summarized in Section 6.

2. Proposed Dual-Frequency Inverter Topologies

Two inverter topologies are proposed. The following designations of 2T1C [25] and
3T [26] are adopted in this paper. The 2T1C topology shown in Figure 3 contains two
transistor branches (2T) and one common capacitor branch (1C), which can be used to
eliminate the DC component. The first branch controlled by the signal s; is responsible
for generating the MF component, while the second branch controlled by the signal s, is
responsible for generating the HF component. Transformers Tr; and Trp are used to match
the load impedance minima independently for each component. Passive elements L1, C;
and Ly, C; are used to set the frequencies of the MF and HF components, respectively. This
topology allows for pulsing operation mode when the inductor current i contains only
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one of the components (MF or HF) and simultaneous operation mode when the inductor
current i contains both components (MF+HF). An important feature of the 2T1C topology
is that the rms value of the inverter output voltage (v1, v;) is the same for each component
in each operating mode.

The 3T topology is presented in Figure 4. Compared to the 2T1C topology, in the 3T
topology the common capacitor branch has been replaced by a transistor branch. This
branch controlled by the signal s3, depending on the operation mode, can be switched with
the frequency of the MF or HF component. An important feature of the 3T topology is the
equal rms value of the inverter output voltage (v1, vp) for each component during pulsing
operation mode. For simultaneous operation mode, the rms value of v; voltage for the MF
component is twice that of v, voltage for the HF component.
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Figure 3. 2T1C topology: (a) circuit diagram; (b) waveforms for MF, HF and MF+HF operation.
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Figure 4. 3T topology: (a) circuit diagram; (b) waveforms for MF, HF and MF+HF operation.

3. Analytical Model of the Inverter Load

The topology of a dual-frequency load circuit is shown in Figure 5. Each component
of the normalized equivalent impedance Z* (1) is related to the characteristic impedance
Zy, which is calculated from L, and C,. This reference makes it easier to interpret changes
in the quality factor Q5 (2). These changes are mainly due to the change in the equivalent
resistance R, of the inductor-load circuit. The circuit can be analyzed as a combination of
two series of resonant circuits R1L;C; and RyLyCy. The resonant angular frequencies woy,
wqp of each sub-circuit are determined by (3). The coefficients kg, ki, and k¢ (4) are used
in (1) to define the relationships of the parameters of each sub-circuit. Furthermore, the
resistive elements (i.e., the parasitic resistance R; of the inductor L; and the equivalent
resistance Ry of the inductor-load circuit) in the model are described, considering the
frequency impact due to skin effect [14].

(kR\/ﬁ +i w®ky M) (_]\/ZL.TC) Var© w®
z* = '

% IRk " Jwrke n +j (1)
keva® | w'ky  vkike  :/kik N
RQZ +]\/kLkLc ) w'chC ) wL'C Q2 Lt
w2 Lo 1
— — 2
Q Ry werCoRo @)
Wy = 71 wyp = 71 w® = “ 3)
01 TC 02 P oo
Ry I Cy
kr = — , kL= —, k — 4
R= R e L= k=5 4)
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Figure 5. Equivalent diagram of a series-parallel load circuit expressed in relative units related to the
characteristic impedance Zg;.

Equation (1) allows for plotting the modulus |Z°® | and the phase ® of the impedance
as a function of the normalized angular frequency w*® (3). An example is shown in Figure 6
for different values of Q,. Local impedance minima occur near the angular resonant
frequencies of each sub-circuit (3). In addition, four sub-ranges can be distinguished from
the considered frequency range: two inductive, IIy, II; and two capacitive, Iy, I>.

10° ¢ E
Ty 1L L I, |

10° ¢

N10' &

-2 C E
10! 10° 10 10%
CO/COOI

Figure 6. Normalized absolute value and phase of impedance characteristics as a function of normal-
ized angular frequency (kr = 0.1, k. = kc = 10).

A typical power supply for the studied load is a voltage source inverter that generates
an output voltage in the form of a square wave. This voltage can be expanded into a Fourier
series where its selected normalized harmonic rms value is described by (5). Using (1)
and (5), normalized power (6) is determined. The normalized output power P*® is plotted
as a function of normalized angular frequency w* at different values of Q, in Figure 7.
The maximum output power coincides with the occurrence of the impedance minimum
values (Figure 6). The power value is much lower for the local maximum located in the
higher frequency range. As a result, the power of each component cannot be equally
matched. A desirable feature of the induction heating system is the ability to parameterize
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the maximum power of each component. This requires the use of independent matching

transformers. v
_ 2+/2
V.Zh—l s = (2h-1)RMS _ V2 (5)
(2n-1) Vb m(2h — 1)
. 2
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Figure 7. Normalized characteristics of active power as a function of normalized angular frequency
(kr =0.1, ky, = kc =10).

The above simplified model does not consider the nonlinear nature of the ferromag-
netic load [27]. To obtain accurate data on the inductor-load circuit, it is necessary to study
a specific case using the finite element method (FEM).

4. Power Losses of Converter

The analysis of power losses which is performed in this section is based on manufac-
turer datasheets and LTspice models provided for semiconductor devices. Two models are
simulated. The first one utilizes the internal diode of the tested SiC MOSFET C2M0080120D
(Wolfspeed), and the second one has an added external Schottky diode C4D10120A. The LT-
spice simulation performed is in accordance with IEC60747-8. Switching energies calculated
from (7) depend on selecting proper integration limits for the considered case.

ty
Eon,0FF = /UT(f)i(t)dt 7)
fy

where vt and i are the drain-source voltage and current of the transistor, respectively.

In order to validate simulation data, using a curve fitting tool, the Eon orr charac-
teristics were extracted from the datasheet for two reference voltages: 600 V and 800 V.
Afterwards, for each pair of points for the same current value, the straight line equation
was determined. Such a procedure allowed for extrapolation of switching energy for any
assumed voltage level. Simulated power losses were lower compared to values extracted
from the datasheet.
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During the hard-switching operation of the half-bridge, two additional sources of
losses should be considered. The first one related to the energy stored in Cpogs (8). The
second one related to the reverse recovery charge Qrr c (9).

v
Eoss = / vrCoss(Vpc)dor 8)
0
Vi
Erg = Qrr,cVbe ©)

2

As the external gate resistance Rg increases, the switching times take longer. Therefore,
switching energies increase accordingly. The manufacturer provides switching energy
characteristics as a function of Rg for 800 V. Referring to the switching energy characteristics
determined for Rg = 2.5 Q) discussed above, a correction coefficient is introduced (10).

Rg
krg = 0.13—= 4 0.67 10
RG a (10)
It is valid for any Rg. The estimation was based on the transistor’s catalog data,
specifically the switching energy characteristics Eon and Eopr as a function of Rg.
Total power losses Pp for a half-bridge are given by (11). Depending on the operating
mode, there are selected elements.

Pp = 2f[kr(Eon + Eorr) + Err + 2Eoss] + IamsRps(on) (11)

Polynomials approximating the switching energies and value of the worst case on-state
resistance (Tj = 150 °C, i > 20 A) are listed in Table 2. Using these data, the MATLAB model
was parameterized. This model consisted of a Simulink model that was iteratively run by
an m-file script that aggregated data regarding power losses in the transistor.

Table 2. Losses’ calculations parameters for C2M0080120D.

Symbol Expression Unit
Eon, 330 v 0.2987-i% — 0.2389-i + 23.355 uJ
EOFF 330 v —0.0006-i* +0.0421-i — 0.7625-i2 + 5.2645-i + 1.5903 uJ
Eon, 600 v 0.5005-i% + 5.0076-i + 57.282 uJ
EOFE, 600 V —0.0005-i* + 0.0368-i 3 — 0.6212-i2 + 3.911-i + 14.017 n
Eon, so0 v 0.65-i + 8.8939-i + 82.413 uJ
EOFE, 800 v —0.0004-i* +0.0329-% — 0.5165-i> + 2.9084-i + 23.222 |

Err 76-1073-Vpc uJ
Eoss 38.32:107%-Vpe? +10.94-1073-Vpe + 185.2:103 uJ
Rps(on) 150 mQ

The individual power loss components of the half-bridge as a function of switching
frequency are presented in Figure 8. The calculations are performed for a full-bridge
inverter supplied with 800 V, loaded with a series RLC circuit. The highlighted red dot
represents operation of the converter at nominal power Py in ZVS, which is desirable due
to the reduction of switching power losses. The switching frequency is slightly higher than
the resonant frequency of the resonant circuit.
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Figure 8. Characteristics of individual components of losses as a function of switching frequency in a
half-bridge based on C2M0080120D. Quality factor Q = 10, resonant frequency fy = 100 kHz, nominal
power Py = 10 kW at resonance, Rg = 2.5 (3, DC bus voltage Vpc =800 V.

The developed model allowed for the calculation of characteristics of power losses
for C2M0080120D half-bridges, which operate at nominal power in ZVS as a function of
nominal power, frequency and DC bus voltage. A family of these characteristics is shown
in Figure 9. A general conclusion from the presented characteristics is that for a low value
of supply voltage Vpc =330 V, switching losses can be neglected regardless of switching
frequency. This is because, regardless of the switching frequency, the total power losses
for the C20080120D half-bridge supplied with 330 V are equal to each other (Figure 9a).
Conduction losses are dominant in this case. As the voltage increases, switching losses
increase as well, and conduction losses decrease. The total losses decrease as a consequence
of the voltage increase. Therefore, to achieve minimum losses, it is desirable to supply the
maximum voltage at which the inverter can operate properly.

320
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S~ 10 300 kHz.
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40
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0 2000 4000 6000 8000 10000 12000 14000
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(a)
90
80
70
60
2 50
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20 e 10kHz
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(b)

Figure 9. Cont.
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(©

Figure 9. Characteristics of losses” Pp in half-bridge C2M0080120D as a function of nominal power
Py, frequency f and DC bus voltage: (a) Vpc =330 V; (b) Vpc =600 V; (c) Vpc = 800 V.

5. Experimental Results

The proposed topologies have been constructed and tested in the laboratory. To
provide a comprehensive test, half-bridge modules based on C2M0080120D SiC MOSFETs
were constructed, as shown in Figure 10. This approach made it possible to configure the
discussed topologies. Moreover, it is even more important that each cooling system is not
affected by another. Due to the modular structure, the power losses of each half-bridge
were estimated using the steady-state temperature measurement method [28]. This method
consists in preliminary scaling of the given losses in the transistor as a function of the
measured temperature for the steady state. Then, during operation of the target system,
power losses are estimated based on the knowledge of the steady-state temperature. This
approach was made possible by using an independent cooling system for each half-bridge.
Hence, to confirm results, the power losses are measured as a function of temperature using
NTC thermistors.

fan power ==
supply 12V ‘

drivers power {#i%
supply 24 V

Figure 10. Photographs of half-bridge module based on C2M0080120D.

The load circuit is shown in Figure 11. Depending on the topology implemented, this
allows the configuration of the appropriate matching transformers presented in Figure 12.
The test bench has a limited power of less than 4 kW. To recreate load conditions similar to a
real application (an order of magnitude of the power used in the hardening process), multi-
turn inductor was used. Thereupon, the magnetic field acting on the heated ferromagnetic
element has been multiplied. This enabled the investigation of the impact of nonlinear load
properties on the control of individual components of power. A water cooled % inch steel
tube was used as a dummy load.
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peo| Awrunp
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Figure 12. Photograph of matching transformers: (a) Trp used for 2T1C and 3T setup 2; (b) Tr; used
for all cases; (c) Try used for 3T setup 1.

The use of two matching transformers allows for setting the power of each component
at the desired level. Assuming the use of the proposed topologies as pulsing or simulta-
neous inverters, it is necessary to use different configurations of matching transformers.
For example, in simultaneous operation mode of the 3T topology, the MF voltage compo-
nent occurs on the primary side of the Tr transformer. Hence, it is necessary to oversize
it (Figure 12c). Therefore, the 3T topology was tested for two configurations of the Tr,
transformer named setup 1 and setup 2. This phenomenon does not occur in the 2T1C
topology, where the transformer shown in Figure 12a is used for both operation modes.
The turns ratios are summarized in Table 3. Due to the nonlinear nature of the load [27],
the turns ratios were selected empirically. The geometry of the core was determined based
on the equation for the minimum core cross section [29]. The transformers are roughly
designed to allow validation of the conceptual topologies. The authors assume that future
research in this area will focus on turns ratios selection and geometric optimization.

Table 3. Configurations of transformers’ ratios.

Setup Operation Mode Topology Trq Tr
- pulsing, simultaneous 2T1C 11:1 8:1
1 pulsing, simultaneous 3T 22:1 8:1

2 pulsing 3T 22:1 11:1
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The diagram of the test bench is shown in Figure 13. A power analyzer was used to
measure input power and components of the output power. The results of experiments
presented in Figure 14 show the convergence of the results obtained for two different
methods of loss measurement. In the case of 3T, higher losses determined by the thermal
method in relation to the power analyzer are observed. The difference is 1 W per transistor,
which approximately corresponds to a temperature change of 5 °C. This may be related to
some offset error due to ambient temperature deviation.

Power analyzer

L Tets

T Jog

Yokogawa WT5000
et ] b,
Nl woa

W) 12
T T g
1O
& ] 3
G, &
i
:
g
o

\

(
i
|
1
|

Figure 13. Schema of 2T1C experimental stand. For the 3T topology, the common capacitor C4 branch
is replaced with a transistor branch.

70
P,=3790 W
60 Power analyzer
50 - Thermal
=z 40 - Model calculation
& 30
=1529 W DC71570W P,=1630 W
10 I I P,=590 W
0
Component{ P, P, ‘ P, | P, (setup 1) | P, (setup 2)
Topology | 2T1C ‘ 3T

Figure 14. Power losses comparison for pulsing operation mode.

Figure 15 shows the ability of both topologies to independently control the power of
each component using frequency modulation. A characteristic feature of the 3T in pulsing
operation mode is the full-bridge power supply for both components, which results in
twice the inverter output voltage compared to the 2T1C in a similar operation case.
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Figure 15. Characteristics of power as a function of frequency in pulsing operation mode: (a) MF
control mode f; = var.; (b) HF control mode f, = var.

Figure 16 shows power control characteristics for simultaneous operation mode. By
analyzing the characteristic in Figure 16a, which describes control of the MF component
P, change in the HF component P; is observed. The change of P; is correlated with
the change of P;. In conclusion, P, is a function of P;. A similar effect is not observed
in the second case (Figure 16b), which describes control of the HF component P,. The
difference is in the depth of penetration of the MF component, which causes saturation and,
at the same time, a decrease in the magnetic permeability of the heated element. This in
turn increases penetration depth, thus reducing the equivalent resistance. Therefore, the
quality factor for the HF component is increased, resulting in an increase in power. The
characteristics shown in Figure 16b demonstrate the ability to independently control the HF
component P, without affecting the MF component P;. The decrease in resonant frequency
noticed for 3T is due to additional parasitic inductance caused by the oversized transformer
(Figure 12c). Moreover, the differences in the nominal power P, result from the skin effect.
In all cases tested, inverter efficiency # above 97% was achieved. Figures 17 and 18 show
waveforms complementary to the presented power characteristics. The measured quantities
are marked in Figure 13.
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Figure 16. Characteristics of power as a function of frequency in simultaneous operation mode:

(a) MF control mode f; = var., f, = const.; (b) HF control mode f; = const., f, = var.
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Figure 17. Voltages and currents” waveforms in pulsing operation mode: (a) MF; (b) HE.
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Figure 18. Voltages and currents’ waveforms in simultaneous operation mode: (a) 2T1C topology;
(b) 3T topology.

6. Conclusions

New inverter topologies for IH have been introduced and their performance benefits
have been analyzed and discussed. A significant problem is the effect of frequency on the
load equivalent resistance, which limits the power transfer capability of the HF component.
By using two matching transformers for each branch (HF and MF), the effect of frequency
on the load equivalent resistance can be compensated. The inverter efficiencies for the
proposed 2T1C and 3T systems during pulsing and simultaneous operation achieved values
above 98% and 97%, respectively.

7. Patents
Patents resulting from the work reported in this manuscript [25,26].
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