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Abstract: In the current scenario, power electronic device-based induction heating (IH) technologies
are widely employed in domestic cooking, industrial melting and medical applications. These IH
applications are designed using different converter topologies, modulation and control techniques.
This review article mainly focuses on the modelling of half-bridge series resonant inverter, electrical
and thermal model of IH load. This review also analyses the performance of the converter topologies
based on the power conversion stages, switching frequency, power rating, power density, control
range, modulation techniques, load handling capacity and efficiency. Moreover, this paper provides
insight into the future of IH application, with respect to the adaptation of wide band-gap power
semiconductor materials, multi-output topologies, variable-frequency control schemes with mini-
mum losses and filters designed to improve source-side power factor. With the identified research
gap in the literature, an attempt has also been made to develop a new hybrid modulation technique,
to achieve a wide range of power control with high efficiency. A 100 W full-bridge inverter prototype
is realised both in simulation and hardware, with various modulation schemes using a PIC16F877A
microcontroller. The results are compared with existing techniques and the comparisons reveal that
the proposed scheme is highly viable and effective for the rendered applications.

Keywords: induction heating; power control; domestic application; industrial application; medical
application

1. Introduction

New-era residential induction heating appliances pave the way for the replacement of
conventional electrical and gas heating technologies. IH systems have inherent advantages,
such as higher conversion efficiency, being cleaner and having a lower time constant in
attaining heat [1]. The predominant source for heating, cooking and electric power gen-
eration applications is natural gas [2,3], which is a fossil fuel, which in turn aggravates
looming global warming. On the other hand, IH incurs clean energy disposal with higher
efficiency [4,5]. Compared to conventional heating techniques such as resistive heating,
flame heating or arc furnaces, IH is more appropriate for industrial applications since it
is more effective and efficient [6-9]. More importantly, the inherent safe and convection
methodologies in IH are very conducive for many medical applications [10-14]. The porta-
bility, plug and play aspects of IH-aided gadgets mean it is in high demand regarding
household applications [15-17].

The operating principle of IH is demonstrated through a diagrammatic representation
shown in Figure 1. Here, a high-frequency alternating current (HFAC) is supplied to the
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working coil to generate the alternative magnetic field. The material to be heated up (work
piece) is submerged in it. At this juncture, it is prudent to be aware of two diversified
phenomena, namely Foucault current (eddy current) and magnetic hysteresis losses [18].
The Foucault current flow is caused on the surface of the load when the work piece is short-
circuited and material gets heated due to Joule’s law of heating. This methodology of IH is
mostly accepted. Another method of heating related to IH can also be achieved through the
hysteresis effect by using relevant ferromagnetic material. The broader view on the above
methods of heat generation concludes that in both cases the losses and the magnitude of
the heat depend directly on the frequency of the supply. Therefore, the selection of the
range of operating frequency influences the magnitude of the resultant heat and in turn,
the appropriate application; say, a few kHz for domestic and industrial applications and a
few MHz for medical applications.

Work coil Alternating Flux

HFAC

Converter

AC Source AC-DC-AC/
(50 Hz) . AC-AC

Eddy Current due to
the induced voltage

Figure 1. Typical IH system.

The selection of topologies of the power converter, switching frequency, and their
performance characteristics decide their compliance towards the particular application.
Hence, a detailed study was needed in order to analyse the compatibility of the application
with converters and its switching. General structure of power converter topologies and
modulations applied to the IH system is shown in Figure 2.
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Figure 2. General structure of power converter topologies and modulations applied to IH system.
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Conventional AC mainly produces 50 Hz of alternating current which requires con-
version into a high-frequency current to generate a higher Foucault current. Thus, various
power conversion methods have been used. Two-stage power conversion schemes are said
to have advantages such as high voltage regulation and good stability, which is claimed
by many researchers [19-21]. The first stage of conversion (which contains two stages) is
generally realised through a full-bridge circuitry, where the AC supply of 50 Hz is rectified
with the uncontrolled diode bridge rectifier. In the second stage, a high-frequency inverter
facilitates DC to HFAC. In both stages, the filter designs are vital to improving the overall
efficiency and meeting the power quality compliances. Many research papers address the
voltage spike mitigation issues and other power quality issues to comply with electromag-
netic compatibility [22,23]. To increase the system efficiency and to reduce the number of
semiconductor switches, single-stage IH topologies have been developed with and without
EMC filters [24-26].

From the literature, it is evident that the quest of proposing a new control algorithm
which is competent in alleviating the switching loss and accurate power regulation is very
meaningful. This work emphasizes the development of a novel digital AVC-PDM technique
to overcome the pertinent drawbacks of the conventional control schemes. The control
scheme proposed here is compared with an existing modulation scheme. This review
not only summarises the state of art of power converters, modulation techniques and a
control algorithm used in various IH applications but also proposes the hybrid modulation
technique to achieve a high level of power control with higher efficiency.

The course of this paper is organised as follows: Section 2 describes the antiquity of
induction heating systems, and various converter topologies are described in Section 3.
Section 4 deals with the modelling of an induction heating load. Various modulation
techniques in induction heating are explained in Section 5, and various control techniques
in induction heating are explained in Section 6. Contemporary research on induction
heating and its applications, as well as critical remarks are summarised in Section 7.
A birds-eye view in the IH arena is explained in Section 8. Finally, in Section 9, the main
conclusion of this paper is presented.

2. Antiquity of Induction Heating Systems

The evolution of IH occurred in the early 18th century [27]. The observations of
Francois Arago on eddy currents helped Michael Faraday to extend electromagnetic theory
in 1867. Furthermore, the classical unified electromagnetic field theory proposed by James
Clerk Maxwell discovered that heat is produced when a current passes through a coil.
These contributions assisted in framing the fundamental principle of IH. In 1887, Sebastian
Ziani de Ferranti applied for a first industrial patent on IH and melting systems after
improving induction coils, and the induction furnace was first developed by E. A. Kjellin
in 1891.

The advancements in IH turned a new leaf when Edwin F. Northrup constructed
an induction furnace in 1916. He developed a furnace with a cylindrical crucible and a
high-frequency spark-gap power supply. Major companies such as Baker and American
Brass utilised this for melting platinum and non-ferrous alloys. Around the same period,
high-frequency IH technology was developed with a spark-gap generator by M. G. Ribaud;
later, in 1922, an IH system with high-frequency machine generators and vacuum tubes
was developed by Valentin P. Vologdin.

In the 1920s, the IH applications gained even more traction, and many practical
applications emerged. Furthermore, IH got a facelift when its applications were expanded
to the surface hardening of steels; in 1927, Midvale Steel explored this, and the technology
further improved when Ohio Crankshaft Company employed this method in the 1930s.
This paved the way for many industries to employ large-scale surface heating of metals.
During the Second World War, induction technology played an important role in heat
treatment on weapons in order to strengthen them, and later, it was used in the automotive
and aircraft industries.
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Since antiquity, silicon and its counterpart have been shown to be excellent in ex-
hibiting semiconductor properties, which in turn helped in advancement in the discipline
of solid state devices. Thyristor, known for its high current capacity, was the pioneer to
these devices. Later, the invention of the high-frequency semiconductor devices such as
the power bipolar junction transistor (BJT) and the power metal-oxide-semiconductor
field-effect transistor (MOSFET) meant IH technology continued to boom. With these
highly efficient power switches with intelligent programmable modules, a high-powered
converter could be developed with higher efficiency. The introduction of the insulated
gate bipolar transistor (IGBT) in semiconductor technology added the additional merit of
handling high voltage in IH systems in the industrial environment. Now, IH technologies
are moving towards a system which has higher efficiency; reliable converters make them
more versatile and mean they can spread universally. In all, domestic heating systems
adopt IH technologies because of the indirect heating and non-contamination of food while
heating. In the medical field, IH technologies are used for areas that require heat precision
and to achieve localised heat for hyperthermia treatment.

3. Converter Topologies for Induction Heating

Innovation in power electronics has extensively contributed to the development of IH
technology [28]. The heart of IH topology is the inverter. Based on the supplied input to the
inverter, it has been classified as various power stage conversions. Quite often, there will
be two-stage conversions, where the input AC will be converted to regulate DC in the first
stage and then it will invert in the second stage. In some applications, the AC voltage is
directly applied to the IH system, and this scheme is called single-stage power conversion.
The eddy current generation needed for IH is extracted from an inverter, which changes
the fixed frequency, fixed voltage quantity to variable voltage and variable frequency.
The frequency variation has a direct impact on the eddy current magnitude [29]. As eddy
current depends on the frequency, for IH, usually, the frequency is chosen as higher than
20 kHz to avoid audible noise and rises up to 1 MHz depending on the applications.

Two types of inverter, namely voltage source inverter and current source inverter,
are used for IH applications to obtain high power density [30-34]. IH load is modelled as
equivalent resistor R,; and equivalent inductor L, [35,36], as shown in Figure 3. The prac-
tical load representation of the IH is a series connection of both Re; and L. The applied
power supply, geometry of the coil and the current flowing through the coil defines the
heating of the coil. In addition, the distance between the placement of the work coil and
the work piece and applied frequency influence the performance of IH. The effect of these
load parameters in IH is listed in Table 1.

gl Ry La
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Figure 3. Typical equivalent model of IH load.
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Table 1. Effect of the load parameters in IH.

Factor Heating Effect Remarks

The geometry of the coil should

Reliant on magnetic flux be designed taking into account

Coil geometry [37]

density. the heating problem.
Magnetic flux generally preferred for Leads to a dar}gerous
high-temperature temperature rise for the non-
concentrators [37] .
applications. homogenous load.
. . The heating effect will be Risk of over heating for the
Coupling distance [37,38] higher for a lesser distance. homogenous load.

Power semiconductor may have

The effectiveness of the higher switching losses, which

Frequency [39-41] heating rate depends on the results in a reduction in
frequency. -
efficiency.
Higher the value inductor For the lesser-rated system,

Inductor current [34,38,42] current results in fast heating.  over heating may occur.

The frequency control of IH is made more competent when resonant converters are
employed. An RLC resonant tank is constituted by adding the additional resonant capacitor,
C;, in the circuit. The main purpose of this capacitor is to generate the HFAC sinusoidal
current to heat the load. Based on the arrangement of the C; either in series or parallel
with respect to the load, the circuit is termed as a series resonant inverter (SRI) [5,15,22,32]
or parallel resonant inverter (PRI) [30,33,34,36-38]. Generally, the RLC series resonant
circuit is most predominately used for a voltage source inverter (VSI)-fed IH system, which
ensures the average current flowing through the inductor is zero because of the series
capacitor. Zero voltage switching (ZVS) is realised in the inverter switches when it is
operated above the resonant frequency [5]. An RLC parallel resonant circuit is used for
CSl-fed IH topologies, which reduces the current flowing through the switches. Zero
current switching (ZCS) is realised here in this inverter. PRI is chosen for the applications
that require a high current. Thus, soft switching, i.e., ZVS or ZCS, results in lesser switching
losses, which enhances the overall system efficiency [43].

3.1. Small Signal Modelling of Converter

The small-signal model of the half-bridge series resonant inverter is developed in this
section. The equivalent circuit of SRI-fed IH load shown in Figure 4 could be modelled
using the following state equations [44]:

qu L‘“I
i N ————
Vo e -
—_ G | "
+] -
L
Ve

Figure 4. Equivalent circuit of SRI-fed IH load.

By applying KVL to the circuit shown in Figure 4, the following expressions were
obtained:

di .
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do. .
i 2
Cr it 1o 2)
The active power is expressed as
Reqi3
Py = =20 3)
The harmonic approximation of capacitor voltage and inductor current is
io(t) ~ iy(t) cos(wst) + ij,(t) sin(wst) 4)
ve(t) = vy(t) cos(wst) + vy (t) sin(wst) )
The describing function of input, voltage is given by
4 . . .
vy = ;Vdc sin(27tD) sin(wt) = v, sin(wt) (6)
where
4 .
Ve = EVdC sin(27tD) (7)

Equations (4)—(6) are substituted into Equations (1) and (2). The resulting equations
are decomposed separately as sine and cosine terms using the harmonic balance procedure
as shown below.

Sine terms: p )
4On _ I
it G, + Wsvy 8)
%_ —Uh—ihqu+UU+wi (9)
dt Leg o0
Cosine terms: p )
vy Iy
e 1
T, C + wsvy, (10)
diy — Uy — ivReq .
Ao _ 11
it Leg + wsty (11)

Solving Equations (8)—(11), the operating point is obtained by setting all derivatives as
zero. The harmonic components are given by

Vew2C2R

)= 78“’5‘; “ (12)
VewsCr(1 — w?LegCr)
v = ¥ (13)
Ve(1 — w?Le,C

vV, = W (14)

VewsRe,C
= e s‘Y eq-r (15)

where

¥ = wiCT LY, — 2wiCrLeg + W CrReg + 1 (16)

The inputs, the state variables and the output are the perturbed variables and is of the
form
h(t) = H+h(t) (17)

where H is at the operating point, and / is a small amplitude perturbation. The linearised
model can be obtained by applying Taylor series expansion and considering the first-
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order partial derivatives, the perturbed variables could be replaced in Equations (8)—(11).
Equation (9) could be written as

di o
T: - f(vh!vvl I ly, D/ Ve, wS) (18)

hence, its linearised equation is

do, _ of . of »  Of »
WNEWH-*%-FTIU—F

d 0 of -
f Ws + %ﬁe + %d (19)
e

where each % is estimated at the operating points. The complete linearised model is given
as

%’1 = lch, + wsy + Vs (20)

% _ z’; - Iz::ih + Wty + oo + ZL‘:; cos(27tD)?, + ZL‘:; sin(27D)%e  (21)
d;tv _ gr — weby, — Vols (22)

2y _ % - Izzl iy — Iy, (23)

The state space model representation of the model is given as
X = Ax + Byuy + By (24)

y=Cx (25)

where x and y are the input and output state variable vectors, respectively.

. ~ ~ A 1T
X=[is 1c 0 O] (26)
y="o (27)
Thus,
—R, 1
qu W Loy 0 L%q cos(27mtD) I,
_ Ry -1 2 g _
X — Wg qu 0 qu x4 Lf'i Sln(27TD) ﬁdc + VIh (Ds (28)
& 0 0 ws 0 v
0 C% —ws 0 0 —Vi
y=[RI, R, 0 0]x (29)

The perturbed output power is given as
po = Rlyiy + Rlvly (30)

Thus, the small change in output power with respect to system dynamics of the SRI
can be obtained by Equation (30).

3.2. AC-DC-AC Converter Topologies

The general block diagram of a two-stage power conversion scheme is shown in
Figure 5. The various inverter topologies used for IH applications are a single-switch (SS)
resonant inverter [40,45-47], a half-bridge (HB) inverter [5,20,43,48-52] and a full-bridge
(FB) resonant inverter [44,53-56].
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AC main-

: ) 4 N\
Rectifier & Filter > Inverter IH load

oK F

Figure 5. Block diagram of a two-stage power conversion.

v

SS resonant inverters are used in the medical field where the power requirement is
less than 2 kW. Since only one single switch exists, the conduction losses and switching
losses are much lower. The simple control mechanism is enough to control it. However,
the major drawback of this topology is the high switching stress, as the sole switch has
to sustain the total power capacity of the circuit during switching. So, this topology is
hardly used for high-power industrial applications [45]. For the load power requirement
between 2 kW to 5 kW, HF inverters are used. The HF inverter finds its applications in
domestic heating. As it has two semiconductor switches, the stress across the switches is
divided equally [48]. The enhancement in the HF inverter was developed in [49] with a
switched auxiliary capacitor. This increases the power density of the inverter more than
the FB SRI. For high-power IH applications, FB resonant inverters are preferred to share
the switching stresses and to have uniform power control. This topology is generally
used for the industrial applications whose power ratings are greater than 5 kW. The FB
multiple-frequency SRI has a centre-tapped transformer. This arrangement makes the load
frequency twice as high as the switching frequency [39]. The comparison of various VSI-fed
IH topologies is shown in Table 2.

In order to improve the heat distribution and to feed power to multiple loads, the multi-
coil-based IH system was developed [39-42,57-66]. These topologies are used in both
domestic and industrial applications. This topology uses the normal HF and FB resonant
inverter topologies with supplementary modifications. The general block diagram of
multi-coil-fed IH topology is shown in Figure 6. In [60], the IH system with HB inverter
and FB inverter are combined to perform the operation of two FB inverters. This topology
facilitates a single input and multiple outputs since one particular leg of the inverter is
shared by both inverters. If one or more loads are connected at the output, the loads
can be controlled simultaneously and independently. An HB SRI with multiple loads is
presented in [59]. Multiple loads connected at the output are controlled by the inverters’
switches, and switching takes place in accordance with the power management algorithm
so that simultaneous control is possible. The uniform power distribution among the loads
is carried out when they are connected in parallel. Since all the erected loads require
the same power, this topology is beneficial for low-power applications. For high-power
applications and to control the power independently, the series resonant multi inverter
was developed in [64]. This topology contains a common inverter block and a resonant
load block. An inverter block interacts with the source DC supply and converts it to AC,
whereas the switch connected in series with the load ensures the connection of load with
an inverter. Thus, by connecting more switches, loads can extend further. This topology is
generally preferred for domestic applications because of the lower cost, size and extensive
use of inductors. Later, a double half-bridge resonant inverter supplying inductive loads
with a common resonant capacitor was proposed in [65]. In this topology, a common
resonant capacitor was used for two different loads to control the output power. It reduces
the number of components in the circuit. Furthermore, it forms a cost-effective solution
for domestic induction heating appliances, with two burners heating up the two pots
simultaneously. A comparative analysis of load handling capacity and output power
expression is shown in Table 3.
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Table 2. Summary of various parameters in AC-DC-AC VSI-fed IH topologies.

Converter Nun}ber of Output Power  Power  Modulation Efficiency Operating Choice of Application
Topology Semiconductor Expression Rating  Technique at Rated Frequency Parameter (s)
P Switches Power
SS inverter [40] 5 py= Vaote  700W  PWM 90% 1 MHz IH system-approximate
72 Req load analysis
IH system close to unity
. 22 cos? ¢ 2.25 o 20 kHz- -
HB inverter [48] 6 Py = S KW PWM 90% 100 kHz power factor and high
i efficiency
HB inverter with . .
Py =
auxiliary switched 7 zgv_z os? ¢ 543 W Asymmetrical 94.6% 25 kHz, IH system for high .
- 22y o8 ¢ PWM output power density
capacitor [49] 2Ry
IH system for wide range
FB inverter [56] 8 Py = 8Vj cos’g 500 W PLL based 94.5% 22 kHz of output power and high
0 2R PWM .
eq efficiency
Multiple frequency 1 e
resonant 8 py= VAl 1kW  PWM 9886%  50kHz IH system with high
. 5Req frequency and efficiency
inverter [39]
IHkad, 1
-
AR SR ki AC-DC-AC/
AC-AC Converter
Figure 6. Multi-coil-fed topologies.
Table 3. Summary of various parameters in multi-coil IH topologies.
Converter Nun}ber of Output Power Power  Modulation Efficiency at  Switching Choice of Application
Semiconductor . . .
Topology . Expression Rating  Technique Rated Power Frequency Parameter (s)
Switches
Two output . 10 KHz— IH system to control the load
series resonant 6 p, = BVincos'¢ 32kW AVC - independently with less
: 0 2R, 200 kHz o
inverter [60] “q acoustic noise
Multi-load . .
half-bridge 2 Py A0 L1KW  PWM ; fgokfﬁ_ I system ;‘”th multiple tload
inverter [59] 72 Req z and single frequency system
Series resonant .
multi- N+2 py= Yaee G0W  PWM 98.2% 17(5)01‘11:1;_ ;H e Wéth 1‘.’:" costand
inverter [64] T Req “ 181 power density
Double . IH system with simultaneous
half-bridge 4 Py = 2Vj, cos’¢ 2.5kW Phase shift 95% 20 kHz- heating of two burners with
: 0 2R, PWM 100 kHz
inverter [65] q lower cost

3.3. Direct AC-AC Converter Topologies

To increase the efficiency of the system topology and to reduce the number of compo-
nents, single-stage AC-AC resonant converters have been proposed [24,26,67-76]. Figure 7
shows the general block diagram of the single-stage power conversion topology. In these
topologies, 50 Hz AC is directly converted into a high-frequency AC current which ignores
the rectifier unit. A typical dual-stage conversion injects more harmonics to the supply,
which reduces the input power factor. To overcome this problem, a single-phase matrix con-
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verter is proposed for IH applications [74]. This topology maintains the sinusoidal current
at the input side and the inverter switches are operated with soft switching conditions.

AC main
IH load

00V~

AC-AC Converter

K ¥}

Figure 7. Block diagram of the single stage power conversion topology.

\ 4

In [73], an antiparallel bidirectional IGBT switch-based cyclo-converter is used for
IH applications. In this topology, the asymmetrical duty cycle PWM control method is
proposed for converting 50 Hz AC to a high-frequency AC current. The resonant capacitor
assists soft switching in the inverter. Although there are many advantages in the matrix
and cyclo converters, the switching algorithm design remains an uphill task. HB topology
featuring fast diode rectifier is proposed in [26]. This topology only uses two diodes to
rectify the AC main, which reduces the conduction losses. Furthermore, both the switches
are operated with ZVS during the turn on and turn off period. The meritorious advantage
of this scheme is that it has a boost inductor, which boosts the output voltage to two times
greater than the input voltage for the constant output power. This reduces the current
flowing through the switches. To control the output power with a reduced number of
switches, a modified HB SRI was proposed in [68]. A new topology that assists in providing
more output power is framed with a single-stage FB AC-AC converter [24]. Direct AC-AC
converter topologies are proposed for multi-output power. A multiple-output resonant
matrix converter with a single-output DC link inverter was proposed in [70]. This converter
is used for multiple inductive cooking applications where smooth power control is required.
Furthermore, this scheme reduces the overall system cost and increases the power density
and efficiency of the system. Table 4 shows the details of various output parameters with
respect to different topologies. The researchers can easily relate the choice of topology with
respect to the parameters with which they are concerned in their research.

Table 4. Summary of various parameters in direct AC-AC VSI-fed IH topologies.

Number of . Efficiency o Choice of
Converter Topology  Semiconductor g:tliL;tSiI:;wer f{(:t"i,relr ,11\: Sssila:::n at Rated IS::ZIth:;‘an Application

Switches P & 1 Power ! y Parameter (s)

. . IH system with
Single-phase matrix 22 cos? ¢ ) 174 kHz- .
converter [74] 8 Py = 4;:2& 1kW PWM 204 kHz simple structure
q and low losses
High-frequency . IH system for
: 2 cos? Asymmetrical 20 kHz~ )
resonant matrix 4 Py = 8Viy cos”¢ 0.9 kW - regulating the
converter [73] 7 Ray PWM 100 kHz output power
AC-AC power Frequency control _ .
electronic 4 Py =i Zo 3.6kW and Asymmetrical ~ 96% 20 kHz IH. system for high
Qeq 100 kHz efficiency

converter [72] duty cycle control
Direct AC-AC ) 104 KHz— IH system with low
half-bridge boost 4 Py = zzvin 3kW PWM 98.5% 115 kHz cost and high
inverter [68] 7" Reg efficiency
Single-stage boost Py = IH system for high
full-bridge AC-AC 6 202V2 cos($) 3kW PWM 97.1% 40 kHz reliability and low
inverter [26] p=" Zo cost

The comparison of the efficiency of various IH topologies is shown in Figure 8. It is
observed that the efficiency of single-stage topology is higher when compared to the other
two topologies. This is because of the lower number of semiconductor switches and the
absence of power stage conversion.
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Figure 8. Comparison of efficiency of various IH topologies.

4. Modelling of an Induction Heating Load
This section deals with the electrical and thermal modelling of the IH load.

4.1. Electrical Modelling of an Induction Heating Load

In an IH system, due to the presence of electrical isolation between the work coil
and work piece, the transfer of energy takes place via magnetic coupling. As it resembles
transformer action with secondary circuits, the electrical equivalent of the IH load can

be modelled as a transformer with a short-circuited secondary. The electrical equivalent
model of the IH load is shown in Figure 9.

I Ra I io
e W
L4 Req
Vi L L Vo ~ Yo
Ly,
[ ]
Figure 9. Electrical equivalent load model of the IH system.
The application of KVL to the equivalent circuit is shown as:
Vi1 = jwsLinh — jMwsI 31)
0= —jwslitM + (R + jwsLaz) I (32)
where
ws = 27T fs (33)
Current Ip; is given as
jws MIH
Ip=>"——" 34
2" Ry + jwsly 34

The substitution of Equation (34) in Equation (31) is given as:

2M2R L11R? 2M2 Loy (Lt L M?
Vi = (e MRe g Bt @M alnla £ M0, -
Rzz—i-wSLzz Rzz—i-wstz
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Simplifying the above equation in real and imaginary parts and equating the real part
as R, and the imaginary part as Leg:

2212
wiM Rzz
eq = = s+ —13 (36)
22 st22
2212
wiM Lzz
Leg = L11 + % (37)
R3, + w?L3,
The mutual inductance is
R RZ 2L2
M2 — eq(Ryy + wily,) (38)

w2R2)

The expressions in Equations (36) and (37) are used for the calculation of equivalent
resistance and inductance of the IH load [77].

4.2. Thermal Modelling of an Induction Heating Load

The typical equivalent model of an IH system is shown in Figure 3. The energy
equation for a lumped mass is given by

o 1 1 R, 4
where oc
C, = 40
P (po)eo 40

The Nagaoka coefficient is given by

- Rz R?
1<,1:k,1(1—b—2)+b—2 (41)

where
~ _ 1+15356p% +02737p* 8B

k
! 1+ 1.0358 3

(42)

Equation (41) is only valid when the length of the coil is greater than the diameter or
2B < 1. The skin depth is given by § = /(52 ) along with the dimensional less variables

ws o
_0 =3
B=7ande= g
The R¢4 and L, are given by

Req = %(\/‘7’7‘05_ %) (43)
271
LE‘? = \/0_7(05 (44)

The dimensions of the work coil and the work piece are calculated based on the
functions dealt with in this Section [78].

5. Various Modulation Techniques in Induction Heating

The modulation techniques play a vital role in controlling the temperature with respect
to the source and load dynamics. Diverse modulation techniques were proposed for the
above-discussed converter topologies.
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5.1. Square Pulse Control

Square pulse control is the most commonly used modulation technique applied to IH
systems to control the output power [5]. The output power is controlled by either varying
the duty cycle or the switching frequency. For varying loads, the power semiconductor
switches enter into the hard switching mode, which increases the switching stresses.
Furthermore, power can be controlled from 40 to 60% of the rated power. A flow chart of
square pulse generation is shown in Figure 10.

Inmitialize the variables

Initialize the I/O ports

Generate square pulses

Figure 10. Flow chart of square pulse generation.

5.2. PLL-Aided PWM Control Technique

The most commonly used pulse with modulation [79] is applied to the IH system
to control the output power. For varying loads, the power semiconductor switches en-
ter into the hard switching mode, which increases the switching stresses. To overcome
this problem, two loop controls were developed with a phase-locked loop (PLL) and PI
controller [41,44,79,80]. A PLL, first loop control, is used to track the resonant frequency
to maintain soft switching in the inverter, and the outer loop controls the output power.
The two loop controls make the system more complex and they slow down the dynamic
response. This problem demanded a solution to develop a suitable modulation technique
which will hold good for both soft switching and power control action. The general block
diagram of PLL-aided PI control is shown in Figure 11. A flow chart of the PLL-aided
PWM control technique is shown in Figure 12.
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Phase locked loop

A

Current

PWM pulses

'L

Po

+
P, ref

Figure 11. A general block diagram of PLL-aided PI control.

Start

Initialize the variables, I'O
port, ADC

Read vo(t), io(t)

Calculate the

error in power

Measure the phase difference with respect to
the set power

PI controller
PI controller

Comparator

PWM pulse generation

Figure 12. Flow chart of PLL-aided PWM control technique.

5.3. Pulse Density Modulation

Pulse density modulation is one of the most commonly used techniques for controlling
the output power without changing the switching frequency [19,24,81-83]. PDM pulse
generation is shown in Figure 13. In this control technique, the density of the switching
pulses is varied according to the load requirement. The main drawback of this scheme is
electromagnetic interference, as two different pulses are involved in this operation. A flow
chart for the PDM control technique is shown in Figure 14.



Energies 2021, 14, 6634 15 of 34

A

High frequency pulses

t(ms)
} Low frequency pulses
[ 1 1 .
t(ms)
: Torpm t(ms)
t(ms)
Vo
Vo
‘ t(ms)
Io ; ip

TD,on

Figure 13. PDM pulse generation.

Imitialize the variables

Generate the high frequency
square pulses

Compare and generate PDAM
pulzes

Figure 14. Flow chart of PDM control technique.

5.4. Asymmetrical Voltage Cancellation

For soft switching and power control action, asymmetrical control was proposed
in [84-87]. In this control scheme, the output voltage waveform is made asymmetric and
results in a large dead band for zero crossing of the current. Furthermore, the output power
is controlled by varying the RMS value of the output voltage. The AVC pulse generation is
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shown in Figure 15. Because of the asymmetrical voltage waveform, even harmonics will

be produced. A flow chart of the AVC control technique is shown in Figure 16.

A
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t(ms)

MR
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V53 I |
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i |
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> ;r s{ﬂ
i .,
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Figure 15. AVC pulse generation.

Imifialize the variables

Initialize the /0 ports

Figure 16. Flow chart of AVC control technique.
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If o = 180°

Generate AVC pulses
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5.5. Phase Shift Control

The pulse generation phase shift (PS) control method is shown in Figure 17. This
method is preferred for a wide range of power regulation schemes [88]. In this control
scheme, as the switching frequency is maintained constant, two loop controls are also not
required. However, for varying loads, more switching losses occur because of the hard
switching. Thus, to reduce the switching losses and improve the control regulation range,
PDM-based PS control is proposed. This results in a better power regulation range, but the
input power is not efficiently used. A flow chart of the PS control technique is shown in
Figure 18.

A
Vsl : I I >
] i t(ms)
v R I8 tlms)
53 i k] I I I
11— {{ms)
ms
VSZ | I I >
A t(ms)
P ve it
i -
VO, Io ) r"‘\\ E ;", ‘\\
U
: LY J’J “ '
iy A 1§ tms)
P AT .
Ta

Figure 17. PS pulse generation.

5.6. Proposed Control Technique

Various studies on modulation schemes have helped in assessing the problems associ-
ated with it. By having smooth power control, with fewer switching losses, cost-effective
control and high efficiency as a task, a novel control scheme is developed. This control
scheme uses hybrid combinations of the existing modulation techniques. The AVC control
technique is generally preferred for soft switching and PDM is used to control the wide
range of output power by varying the density of the pulses. This combination of modula-
tion results in better efficiency, lower input power usage and high efficiency compared to
other techniques. To validate it, the most commonly used FB inverter [44] topology-fed
IH system is developed. Switching pulses, output voltage, and current is recorded using
the RIGOL oscilloscope. A flow chart of the AVC-PDM control technique is shown in
Figure 19.

The experimental prototype is developed to supply the induction heating load of
100 W. Commercially available 50 Hz AC is rectified using four 1N4007 diodes and four
IRF840 MOSFETs are used to convert DC to HFAC. The test setup is shown in Figure 20. A
PIC16F877A microcontroller is used to validate various modulation techniques.

Various modulated oscillogram waveforms are shown in Figure 21. Figure 21a—c show
the switching pulses, output voltage and current waveform with square pulse control.
The switching pulses, output voltage and current waveforms with PDM control are shown
in Figure 21d—-f. Asymmetrical switching pulses, corresponding voltage and current are
shown in Figure 21g/h. Figure 21i,j shows the switching pulses, output voltage and current
waveform with PS control. Finally, Figure 21k,1 shows the switching pulses, output voltage
and current waveform of the proposed AVC-PDM technique. The performance comparison
with various modulation techniques is shown in Table 5. Since AVC-PDM technique gives



Energies 2021, 14, 6634

18 of 34

better efficiency and control range, it is most preferred among modulation techniques.
Similarly, IH using another combination of the modulation techniques can be developed
and its performance can be estimated. Furthermore, these modulation techniques can be
applied to various topologies and its performance of the IH system can be enhanced.

e
b

Initialize the variables

'

Initialize the I/O ports

'

Specify the pulse frequency
delay time

!

r—

) /\\‘
e S Iftg> 180°

<..-/ Check the
' value of tg

If tg < 180°

//’\\\
Yes
Reset
No
!/..--' - -.__\\.
[ End )
b 4

Figure 18. Flow chart of PS control technique.
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Specify the high frequency,
delay time

|

If o >180°
Check the
valueofa

If a < 180°

Generate AVC-PDM pulses

Figure 19. Flow chart for AVC-PDM control technique.

S ——————
FBInverter .

Figure 20. Test setup of FB inverter.
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Figure 21. Various modulated simulation and experimental waveforms: square pulse control,
(a) switching pulses (Ch1, Ch2: 10 V/div, time: 50 ps), (b) output voltage waveform (Ch1l: 10 V/div,
time: 25 ps), (c) output current waveform (Chl: 1 A/div, time: 25 ns), PDM technique, (d) switching
pulses (Ch1, Ch2: 10 V/div, time: 12 ms), (e) output voltage waveform (Ch1: 30 V/div, time: 12 ms),
(f) output current waveform (Ch1l: 1 A/div, time: 25 ps), AVC technique, (g) switching pulses (Chl,
Ch2, Ch3, Ch4: 10 V/div, time: 50 ps) (h) output voltage (Ch1: 10 V/div, time: 25 ps) and current
waveform (Ch2: 1 A/div, time: 25 ps), PS technique, (i) switching pulses (Ch1, Ch2: 10 V/div, time:
10 ps), (j) output voltage (Chl: 10 V/div, time: 25 ps) and current waveform (Ch2: 1 A/div, time:
25 ps), AVC-PDM technique, (k) switching pulses (Chl, Ch2: 10 V/div, time: 12 ms), (1) output
voltage (Chl: 10 V/div, time: 12 ms) and current waveform (Ch2: 1 A/div, time: 12 ms).
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Table 5. Comparative study on different modulation techniques.

. . Efficiency at Power Control
Modulation Technique Rated Power Range Remarks
Square pulse control 90% 40-60% : II:Iard swchhlng
ow efficiency
. Smooth power control
PDM 95% 10-80% . Lower loss
. Electromagnetic interference
o o . Even harmonics
AVC 93% 40-90% e High efficiency
. Low response
PLL [44] 91% 10-95% . Approximate resonant frequency
tracking
PS 89% 20-80% : inefﬁc;?n.t usage of input power
ow efficiency
AVC-PDM 97% 0-95% . Pmooth power control
ower switching losses

6. Various Control Techniques in Induction Heating

The desired performance of the IH system is achieved only through competent control
algorithms. In any IH system, the output temperature has to be varied based on the load
requirements and in turn, the output voltage or current should be adjusted to satisfy the
load demand.

Various control methods used for IH systems are tested in a hardware platform with
various constraints such as dynamic behaviour, load transients, steady state performance of
the system, etc. Initially, all the control algorithms were practically implemented with ana-
logue processors, which have a potential divider, operational amplifier etc. [§9-92]. The fast
and advanced processor emerged due to developments in the field of semiconductor tech-
nology. During the initial phase, microprocessors handled the computational algorithms,
but there was a paradigm shift when new handy micro controllers emerged in the silicon
market. Slowly, highly configured, lower power consumption field-programmable gate
arrays (FPGAs) and digital signal processors were developed [93-97].

FPGA-based power control architecture for IH is shown in Figure 22. In this control
scheme, online power measurement is performed by sampling the output voltage and
current with 1 bit second-order sigma delta analogue to a digital converter. The bit streams
of the measured data are taken into account to perform the desired task. This controller is
capable of performing noise sensitivity analysis and harmonic analysis. The competency of
the controllers is verified with the SRI for the frequency variation ranging between 30 kHz
to 80 kHz. The control loop is properly calibrated to obtain the required output even
during uncertain periods. Thus, the FPGA-based controller provides the most accurate and
cost-effective solution for IH applications. Similarly, an FPGA based on line hardware loop
emulator was proposed in [98]. Its architecture is shown in Figure 23. This emulator helps
in obtaining the efficiency and hard switching range of the inverter. For the measured pa-
rameters, the optimised solution is obtained to control the inverter switches. The obtained
solution is compared with off line simulation and hardware to find its accuracy.
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Figure 22. FPGA-based power control architecture proposed in [99].
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Figure 23. FPGA-based on line hardware loop emulator architecture.

7. Contemporary Research on Induction Heating and Its Applications:
Critical Remarks

The applications of IH have become indispensable in domestic, industrial and medical
applications. The following subsections give a detailed view on IH applications.

7.1. Industrial Melting Applications

In 1900, IH was used in industries in order to melt metals. Later, it was used in aircraft
and automotive industries. Now, it is used in many manufacturing companies for the pre
and post heating of metals, welding, annealing, surface heating, soldering, brazing, cap
sealing etc. An IH-based heating system provides a high-speed process, high precision,
high efficiency and zero pollution, which are basic requirements for the automation of
industrial processes. The ratings of power semiconductor switches used in industrial
applications are shown in Figure 24. Based on the power rating and switching frequency,
appropriate semiconductor switches can be selected. Some of the recent research connected
to IH in industrial applications is shown in Table 6.

A medium-frequency coreless induction melting crucible was developed in [100] for
metal melting applications. The work coil and its crucible were supplied with variable
frequencies from a multi-pulse rectifier and a current-fed load-resonant cascade inverter. It
was concluded that the system possesses lower source-side harmonics. A superconductor
coil-based aluminium metal melting crucible was developed in [101]. An aluminium pipe
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of 0.77 kg was melted at 500 °C within 2 min. A superconducting magnet-based IH system
was developed for melting aluminium applications [102]. The power was fed to the load
with a split coil which comprised three rectangular-shaped double pancake coils on each
side, and it was excited with the current of 114 A. A self-resonant coil-based IH system for
metal melting application was proposed in [103]. In this, the variable frequency control
was used to vary the output power and the performance comparison of solenoidal and
bifilar coil was also briefed. An intelligent control method was proposed to improve the
performance of power supply for tundish electromagnetic IH. The power supply consists
of six power units, and each of them consists of a fore-stage three-phase rectifier and back-
stage single-phase inverter. The cloud controller-based intelligent temperature control
algorithm was combined with the power feed-forward algorithm to obtain accurate tracking
of the output current and constant temperature control of the tundish steel in the back-
stage inverter [104]. A three-phase AC-AC resonant converter for application in induction
melting was developed with three coils in a coaxial arrangement [105]. A 10 kW prototype
was developed and operated in ZVS mode, which resulted in minimum switching losses.

Table 6. Recent research connected to IH in industrial applications.

Converter Domain Control Technique Operating Inferences
Topology Frequency
o FEM analysis is performed to find the energy transfer
Three-series HTS DC IH between the inductor currents and the work piece to
connected FB Machin PWM control 1.5 kHz be heated
inverter [6] achine . Hard switching
o Temperature control is not performed
o Three-phase AC is converted into one-phase AC
FB-based Multi Multilevel * PLL is used to vary the frequency .
Deadbeat current . Current balancing control scheme is implemented
modulated Converter for 1kHz .
ter [106] Tundish Heati control . More switches are used
converter uncish Heatng o Higher cost and switching losses
o Control is complex
Duty cycle, . DC-DC converter-fed full-bridge inverter is used
FB ter [55] Induction Metal frequency, phase 4 kHz-26 o The input power factor is 0.95
converter [>- Surface Hardening  shift and pulse kHz . The efficiency of the converter for rated power is 80%
density modulation . More power loss
SCR
2000
E‘ 1500
< 1000
L
< 500
& 0

25 5 75150 250 500
Switching frequency (kHz)

Figure 24. Rating of power semiconductor switches used in industrial heating applications.

7.2. Household Applications

In household appliances, widely used IH-based systems include induction stoves,
induction cookers, inductor heaters, etc. As there is no need for a separate cooling system,
the overall efficiency of the system only depends on the power converter performance and
load parameters [5,107]. Therefore, the research on different power converter topologies
and extending it to high efficient multi output schemes with compact load coils received
interest among the research community [58,64,108]. Another interesting perspective of this
research is effectively using the hot surface by extending the total heated area so that the
work piece can be placed on any part of the surface. In this review, the current topologies
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used for cooking are considered. Some of the recent research connected to IH in cooking
applications is shown in Table 7.

Table 7. Recent research connected to household applications.

Converter Domain Control Technique Operating Inferences
Topology Frequency
T tout SRI . Reduces the number of components, size and cost
wooutpu . . . Common resonant capacitor is used
with common Induction cooking ~ PWM control 30 kHz . Ind d 1
itor [54] ndependent power control is not easy
capacttor . More switching losses
. Centre-tapped transformer is used
Multiple-Frequency . Th? output frequency at the load side is twice the
Resonant Deadbeat current switching frequency
Resonant itchi | 50 kHz . M ad he load
Inverter [39] switching contro ore eddy current at the loa
’ . More losses on the load side
o Complex in calculating resonance frequency
. Direct power conversion
Single stage boost . . L
full bridge High-frequency Phase shift PWM 40 kHz Efficiency is high

inverter [26]

applications

Less switching loss
Higher harmonics injection

A three-leg, two-load IH system was developed for cooking applications [60], in which
one leg was common for both loads, with a reduced number of components and also with
the effective utilization of devices. The limitation was that the current in the common leg
was high when both loads were operated simultaneously. A two-output induction cooking
system with power factor correction was proposed in [109]. The independent power control
of each load was performed using AVC control, but some even harmonics exist in the output
voltage. O. Lucia et.al., proposed a multi-inverter multi-load topology for an IH system [70].
A cost-effective and high power density IH system was developed using the high-frequency
PDM technique, where independent power control was not feasible. A dual-frequency,
two-output induction cooking system was developed using a full-bridge inverter with
independent power control using asymmetric duty cycle control [110]. The efficiency of
the system was lower at light load conditions. To improve the efficiency, PDM-based dual-
frequency control was proposed in [111]. A multi-output zero voltage switching resonant
converter was proposed in [112] for flexible heating applications where the coils were
arranged in a matrix structure with an individual switch. It was good for a multi-output
system but bulky for single-load applications. The adaption of non-metallic cookware
for thin-layer non-magnetic conductive material was proposed in [113]. The inductive
performance of the thin layer was investigated via an analytical electromagnetic model,
finite element simulations and experimental measurements and it was observed that
the proposed system is well-suited for non-ferro magnetic pots. The power curve fitting
control method with temperature compensation and a fast response for all metal domestic
induction heating systems was proposed in [114]. In [115], an inductively coupled heating
application was proposed in combination with wireless power transfer. This scheme
improves induction heating for loads with different sizes as compared to the primary
inductor by enhancing the power distribution and extending load distance. The extended
distance can be used to implement the induction concept with lower power losses and
stress on the electronics components.

7.3. Medical Applications

Development in the field of power electronics extends the IH applications to the
medical field. Because it is a fast, clean and portable heat source, IH was used in the
manufacturing and sterilization of medical instruments. Later, it was used in antago-
nistic therapies [116] and hyperthermia for cancer treatment. Interstitial techniques for
hyperthermia therapy in cancer continue to evolve in response to requirements for bet-
ter localization and control over the heating of deep-seated tissues. Magnetic induction
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heating of ferromagnetic implants is one of several available techniques for producing
interstitial hyperthermia, using thermal conduction to redistribute heat within an array of
controlled temperature hot sources. In [117], seven induction heating coils were designed
to produce strong magnetic fields around ferromagnetic seed implants located in different
sites in the body. This armamentarium of induction coils provides the ability to customize
magnetic field distributions for improved coupling of energy into ferromagnetic implant
arrays located at any depth or orientation in the body. A flexible laminated copper (FLC)
coil for electromagnetic thermotherapy is proposed in [118]. The effect of pitch (the dis-
tance between coil turns) on the heating performance of the proposed FLC coil is shown.
This work aims to reduce coil inductance by changing the original flexible coil diameter
and pitch in order to enhance the output power of a high-frequency machine, improve
treatment, and meet the actual heating requirements. An induction heating sterilization
device was designed in [119] using electromagnetic phenomena. The equipment used
was a simulated finite element analysis tool in 2D and 3D approaches. The numerical
investigations were carried out in order to define the geometrical structure of the device
and the electromagnetic characteristics.

Cancer treatment can be performed by removing the effected cells without destroying
healthy cells at a temperature of about 50 °C. For this treatment, IH is preferred because
of it is a non-contact mode of heating, it is clean and provides accurate power control.
Generally, ferromagnetic material is placed in the affected area to develop heat. Modern
research places emphasis on the use of fluid-based nanoparticles to obtain the precise
distribution of heat [120,121]. These applications require an appropriate power converter
and accurate power control mechanism with proper inductor design. For sensitive appli-
cations, parallel resonant converters are preferred because the resonant current flowing
through the converter can be reduced. Furthermore, the inverter can be operated with
a frequency ranging from 200 kHz to several MHz.Recent research connected to IH in
medical applications is shown in Table 8.

Table 8. Recent researches connected to IH in medical applications.

Reference Domain Inferences

Hyperthermia application

H. Petrakok  Loco regional heating to Cancer-causing cells are destroyed

etal. [122] suppress hot spots Lags in the appropriate selection of materials

. . Coil parameter optimisation
Zt ]a311 ][31a ;%a Coil optimisation . Magneto-fluid is used for hyperthermia

T . Larger error due to offline parameters

J Newly laminated copper is developed

C.C. Tai Thermotherapy . Produced magnetic field can penetrate 3.9 times better
et. al. [12] applications using than the normal coil

’ laminated copper coil J Location of copper plate plays a vital role

. Rate of penetration decreases with increase in distance

8. Birds View

From the above discussions, it is evident that IH plays a role in all the fields. Though it
is a well-entrenched technology, with the power electronic interface as its important em-
bodiment, some additional issues still have to be addressed to enhance its performance.
Furthermore, the advancement in empowering technologies and applications creates new
research interests. Some of the future significant research interests are listed below. The
growth of IH started with the development of the semiconductor switches. Thus, a wide
band width semiconductor switch with the novel converter topology design will enhance
the performance, which will be more reliable with higher efficiency.

Multi-output topologies can be developed with higher flexibility, enhanced perfor-
mance and uniform heat distribution. These topologies can be used for both domestic
and industrial applications with valuable power control. Furthermore, for uniform power
distribution for all loads, independent load control can also be implemented with lower
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switching loss. The coupling coefficient effect should be accounted for during the course of
designing the load coils (inductors).

PLL-based soft switching schemes are developed to enable a reduction in switching
loss. However, it fails for the wide range load variations because of the low pass filter. Thus,
the enhanced frequency tracking loop can be proposed to track the resonant frequency
even under wide variations in the load.

Dynamic load variations are key issues in the IH system. Thus, a proper controller has
to be designed to reduce the time domain specifications. A competent control algorithm
needs to be explored for the online identification of the load parameters. Power control is
another task for the converter for the variations in the load and operating points. Thus, an
adaptive controller has to be proposed for the above-said problem.

Various control methods are used to provide variable power to the load. Thus, the
inverter switching pulses of the inverter are adjusted accordingly. Furthermore, IH load
is highly non-linear, due to high-frequency inversion action and non-linearity in the load,
nmore harmonics are injected into the utility grid. Thus, a proper filter has to be designed
to mitigate the harmonics that are injected.

The applications of IH in domestic, industrial and medical fields are well discussed;
still, they has to be extended to various other applications. To state a few, the applications
can be extended to complex IH load geometry, low resistive material heating and 3D
finite-element evaluation analysis to obtain the heat distribution and accurate heating of
biological tissues in medical applications.

9. Conclusions

From the extensive review and the inferences from the comparative results, the fol-
lowing conclusions are made:

e Itisinferred from various literature that the growth of IH has drastically increased in
recent years. Research is being carried out in the areas of power converters, modula-
tion techniques, control architecture and magnetic coil design.

e The choice of software should be competent in analysing the temperature gradient
and fast computation. However, a simulation study with high precision is important
to guide the research towards a hardware reality.

e IH extends its coverage towards medical applications wherein vascular deposits and
thrombosis treatment are performed with the help of an IH converter system.

¢ Inparticular industries, the welding of thermoplastics and curing of thermosets are
the vital processes which are executed by IH system.

e Comprehensive details on various control and modulation schemes and different
topologies have been dealt with clearly.

e Anew AVC-PDM technique has been proposed for higher efficiency and better power
control range.

The road map for further research on power electronic interfaces and its controller
for IH systems is very clear. This review article will enrich the knowledge of fellow and
kindred researchers who are working in IH. This work can be further enhanced with
various PWM techniques for novel converter topologies.
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Abbreviations

IH induction heating

SRI series resonant inverter

PRI parallel resonant inverter

VSl voltage source inverter

ZVSs zero voltage switching

ZCSs zero current switching

HF half bridge

SS single switch

FB full bridge

PLL phase locked loop

PWM pulse width modulation

PDM pulse density modulation

LPF low pass filter

ADC analog to digital converter

AVC asymmetrical voltage cancellation

PS phase shift

MOSFET  metal-oxide-semiconductor field-effect transistor
IGBT insulated gate bipolar transistor

BJT bipolar junction transistor

FPGA field-programmable gate array

Req Equivalent resistance of IH system

Leg Equivalent inductance of IH system

Lq Equivalent inductance of the primary coil
Ly Equivalent inductance of the secondary coil
Ry Load resistance

Ws Angular switching frequency

fsw Switching frequency

I Secondary current of the transformer

K Mutual coupling coefficient

R Radius of the work piece (m)

l Length of the work piece (m)

b Radius of the work coil (m)

n Number of turns

U permeability = 4 7t x 10~ (H/m)

0 Density of work piece (kg/m?)

o4 Electrical conductivity of work piece (S/m)
C

p Specific heat capacity (J/kg*K)
& Emissivity of the surface
oc Heat capacity (kg/m?)
(p€)eo Heat capacity at ambient (kg/m?)
0 Constant = %
6 Skin depth
K, Nagaoka coefficient
T Load temperature (K)
Teo Ambient temperature (K)
Ve Supply voltage
ip Load current
(B Resonant capacitor voltage
Py Output power
() Output voltage
iy Real component of the load current
i Imaginary component of the load current

Uy Real component of the capacitor voltage
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(2 Imaginary component of the capacitor voltage
D Duty ratio

o Angle between voltage and current

Zy Impedance of the load

Qeq Quality factor of the inductor pot

Tp,on On time period of PDM signal

TopoMm Total time period PDM signal

« Control angle of AVC pulses

ty Delay time of phase shift control

Ts Total time period of phase shift control
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