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Scope and purpose

Theaim of thisdocumentis to introduce theworking principleof induction cookingandto provide insights m
the IGBT technologiefom Infineonthat arebestsuited forinduction cooking applications. In addition, it
provides basic guidelinedor the design of the target applicabn. The document extenslthe scopealso to
inverterized microwave oven application

Intended audience

Engneers who need to desigresonant converters and select IGBTs for induction cooking applications
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Introduction
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The principle of induction heating was discovered by Michael Faraday in 183dn experiment with two coils
wired around an iron corehe discovered that during the switching event of a battery connected to the first coil
an opposite current flow could b measured with a galvanometer on the second coil. He concluded that an
electric current ould be produced by a changing magnetic field. Since there is no galvanic connection from the
primary to the secondary coil he called the voltage in the second &oitlucted.AHis law established on the
basisof this experimentis called a general lawvhich states thathea %- & ?2nkoftve firtelinducted in a

circuit is directly proportional to the time rate of change of magnetic flux though the circliit ( ?hdenz C =
formulated itlaterinthisway:a 4 B? JI F; LCNS | @ NB? CH>0=N?> %- & CM
will create a magnetic flux to oppose the change in magnetic flux through the 1d&p 61 &

This principle was used for transforming different levels of voltagetfoz efficient transmission of electricity
and the operation of electrical machines. An effect observed during the energy transformationthelseat
generated in the coreswhichare generallymade of laminated stacks of steeln many practical applications,
the heatgenerationis an undesiredhenomenon, and therefore all electrical machines are designed to
minimize it. However, there are systems whose main goal is to produce hegt {® industrial funaces). For
thesesystems, the electromagnetic field can be uséat induction and heat generation without direct thermal
contact. Such an application is therefore callédduction heating and in case it is applied to cooking purposes
it is normally referred asnductive cooking.

a) b)
Figure 1 Typical appearance ofinduction cookers: a) single- and b) multi -hob.

The amount of heat that can be generated by means of the induction heating phenomenon depends on several
factors like the fregjuency of the magnetic field, the materialsed inthe heatingvessel, the couplindpetween

the magnetic field and the vesseGenerally the higher the frequency and amplitude of the magnetic field

driven in the vessel, the more he@produced in thevessel itself. In statef-the-art designs, a range of

frequency between 2&Hz and 7%Hzis sufficient to guarantee heating powerp to 4kWfor most

ferromagnetic materials. In ordeto extend the range of operation to neferromagnetic materials (e.gcast

iron or even alumiium), higher frequency and higher magnetic field strength are usually needed, thus
increasing the frequency range up to 100 kHz. Such a magnetic field is generated by means of a power jnverter
which stimulatesa coil with a currenbscillating at the required frequency. IGBTs are the most common power
semiconductor devics used for controlling the current in this frequency range, due to ihieigh current

capability. Due to the limitation of the power semiconductorswitching losse and the resulting thermal stress
onthe componentsN | > ;h&igehbldcookersutilize, for the highest power ating, operation frequencies of
20kHz to 4kHz The mairreason formoving towards higher switching frequerniesis to reduce the audible
noisegenerated by the coils and to allow forwide operationof different materials.An dternative solution

using power MOSFETSs based on silicon or wi@adgap materials could achieve higher operating frequencies
but are still less attractive because of tigr cost.
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InFigure 1several commecial example oinduction cookers are shownAccording to the U.S. Department of

Energy the 25%savingsin primary energy canncreaseN| XI'd CH JLI =? MM B?; NCHA C
appliances[1]. Improving the degree of efficiency of inverters in commercial and residential applications

requires advanced control systems and new generations of power semiconductors. To optimize theiiebdct
behavior of these devicesiew generations of semiconductors atgeing continuausly developed by Infineon
Technologies IGBTs fron50 V to 1600/are widely used for induction heating appliance¥he reason for such

a high range of voltage classesmainly related to different circuit topologies that are used to build the high
frequency inverters. In the following the most common topologies are presented, as well as the main features

of InfineonTechnologiedGBTs targeting each of them.
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2 ) H>O=BN?"CINCHA JLCH=CJF?

As already mentioned in the previous section, the alternating magnetic field, which is needed to induce the
heat generation in the vessel, is generated by means of a current circulation in a phiyseatiting coil[2]. Flat
coils, sometimes referredo; M & J ; H = ardeuBed foil inductMdrEcookers with flat surfaces. Nevertheless,
the coil can be shaped in different manners in other types pphances. Typical coil arrangemertare shown

in Figure 2 In most cases, the coils utilize ferrite Isdp increase the confinemenand a betteralignmentof the
magnetic field. The design and the optimization of a coil is generally performed with the aid of 3D CAD and
electromagnetic simulation softwarg3].

a)Typicala J ; H=; E? =1 CF /A i@l L b)TSJ C=; FMBy JI?QFE =1 Oy @
appliances appliances
Figure 2 Different coil shapes for induction cooking appliances.

For any given coil, the relation that links the magnetic field and gténulating current is the following:

020

QB?L? 3 CM NB? G; AH? N Cand LdiHe eRivalent indudtbliice bf Bhe coik: FrairRhe MO L @;

previous equationit is evident that the amount of magnetic flux generated from the coil is proportional to the
amplitude of the current that flows across it. As long as there is no other conductor glaeéhe sourrounding
areaof the coil, the magnetic field doesot produce any @ergy transferand the energy that is absorbed by
the coil is mainly reactivefl vessel is placed on top of the coil, the magnetic field stant penetrateto its
bottom surface, as showin Figure &. In this case, the magnetic field that is coupled with the vedsa$ two
effects:

1 It generatesin the vessehn electromotive force (EMRroportional to the time rate of change othe
magnetic field itself, according to the Faradalyenz law:
0 .
where 3 .is the magnetic flux that is coupled with the vessel. As a consequence of the conductive material,
the applied EMF produces a currérhat heats up the bottom surface of the vessel.

1This current flows in closed circles that are perpendicular to the magnetic field and thereo®&MO; FFS =; FF22& &4?>>S
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1 Ifthe vessel is made of material with strong magnetic sensitiyaéyg.anyferromagnetic material, the
oscillatingmagnetic field produces losses because of magnetic hysteresis. The heat generation icaitgs
is proportional to the area of the hysteresis cureéthe specific material

An example of a simulated magnetic field distribution is showrFigure Zfor a vessel with a material

structure depicted on the right. Ascan be seenthehighest field density is generated in the region between the
coil and the vesselThe figure also illustrateghe effect of the bars made of magnetic material, which have the
benefit of shieldingthe electronic componens, usually placed below the coil, from the magnetic field. The bars
have also the additional benefibf confiningthe magnetic filedto a smaller area, thus increasing even more the
field density inside the botton of the vessel.

As aconsequence of the previous analysis, it is evident that an increase in heat generation can be achieved by
either an increase of the amplituder frequency of the alternating currentr with the increase of the magnetic
coupling between the magnetic field and the vessédlhe contribution of the two effects described abowsld

up to generate the heat dissipation in the bottom of the vess®ince tyical cooking vessels are made of very
good conductive materials, the main contributioto the heat generation comes from hysteresksor this

reason, to heaup typical nonferromagnetic materials like alumirum, a magnetic fields requiredwith amuch
higher amplitude and frequencgomparedto ferromagnetic materials, given the same coupg with the

vessel.

Steel
Copper
Stainless Steel
Coil —
Iron bar—"
b)
Figure 3 a) Simulated magnetic field lines with a coil and vesselarrangement; b) Schematic

representation of the vessel materials.

Asmentioned in the introduction the coil is characterized by its inductance valad can therefore be
schematically represented by a simple inductor. On the other hand, the vessel can also be considered as an
inductor, whose equivalent number of coils is equal to one. With this simplification, the equivalent model of the
coil and thevessel arrangement can be represented by means of a simple transformer, whose coupling factor
indicates the amount of coupling between the magnetic fieldhich isgenerated by the cojland the vessel.

1The details of the simulation geometry and the boundary conditions are voluntarily omitted in thisrview, as the main purpose of
the author is toprovide only a reference to the magnetic couplifgetween the coil and the vessel. More detailed analysehijch
would requirebetter knowledge of theactualinformation about the coil design and the vesselsbeyondthe scope of this
document.
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Ls N1:1
e o
L R
Req Leq
Magnetizing + Cooking
leakage inductance coil
a) Transformer model(neglecting parasitic resistance b) Series load model
and core losses)

Figure 4 Equivalent model of the coil and vessel arrangement.

As forareal transformer, in order to improve the coupling factor, it is necessary to reduce the distance between
the coil and the esselas much as possibldn typical induction cookers, the vertical distance between the coil
and the glass surface is in the rangels8 cm, and the most importantontribution to magnetic coupling is
given by the alignment between the vessel and cenof the coil. Aswill be shown later, it is always beneficial
to have a norunity magnetic couplingas the resulting leakage inductance can be usaccombination with a
capacitorto produce theoscillating currentby means of secalled resonant invertetopologies. These
topologies are presented in the next sectiom Figure 4two different models of the coil and cooking vessel
arrangementare presented namely he loosely coupled transformer method, which is physically more
accurated but more complicated to use, and the series load model, whichnuch easier to use and derived
from the firstmodel by neglecting theeffectfrom magnetizing inductanceThe equvalent model of the coil

and vessel can be obtained by means of simulation or by measuring directly the impedance at the coil
terminals. In both cases the variation of the parameters with the temperature must be explicitly coneitler
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3 2?7 Ml H; I HHNWP ?NLOIN ?FLE ACEPMO=aNCI K& =1 | ECH
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There are mainly three different topologies uséd build an inductionbased cooking appliancé4]. They
include:

1 Quastresonant converter, also know as singended parallel resonant convertemmainly used in singldob
stovesand rice cookerswhich areespeciallypopular in Asia. It is also used in the leend segment of mult
hob cookers andn inverterized rmicrowaveovens.

1 Half-bridge series resonant convertemostly used to build higkend multi-hob cookers and microwave
ovens.

1 Full-bridge series resonant converteusually limited tothe commercial cookemarket, due to the higher
power capability.

In the following,the analysis is limited to the first two topologieas they are the ones mainly used in domestic
induction cooking applicatiors. Before analyzing in detail the operating principle of each topology, it is worth
dedicating a fewwords of introduction to the concept of hardand softswitching operations.

3.1 (; BWQCN=BCHAMQCH\>=BMIH@&N | J?L; NCI H | @ J
>?PC=?M

Modernpower electronicsconverters are built with one or more powewitchesthat continuosly commutate
from conduction to offstate, and viceversa. In most applications there is a certdime interval during each
commutation where the current and the voltage of the switch are both r@aro, as showin Figure &, which
leads to a significant power dissipation associated with each commutatidhis operation is usually referreds
hard-switching commutation mode As a consequencghe swithing frequency of the power converter is usally
limited by the amout of losses produced during each commutatidn.general, increasing the switching
frequency is benefii@al for reducingthe size of the passive components order to increae the operating
frequencybeyond the limit posed by the switching loss, a power converter can be designed in such a way
that the power switches operate with soalled softswitching commutations[5]. In this type of commutation,
the switches commutate either when its voltage is zero (Z¥&p-voltage switching) or when its current is zero
(ZCSzero-current switching). In some configuratios, both the ZVS and ZCS are possible at the same time. A
typical ZVS waveform is shown KFigure H.

Transistor Voltage Transistor Voltage
A Transistor CUrrent e N Transistor CUrrent  «weeeeeee.
VDC
o ...... ILOAD ..............................
Von N\ -,-?-‘, Von [ ’ 7 \
Gate Gate
Voltage Voltage
a) b)

Figure 5 Typical hard-switching (a) vs ZVS (bwaveforms.
Application Note 70f29 VvV 3.01
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In order to achivesoft-switching operations for the power switches, resonant converters are used. These
converters are butlwith resonant tanksto create an oscillatory current and voltage that lead to Z&®i/or
ZCS operations. A resonant converter can be efficientlydigeinduction cooking applicatioss, since the same
oscillatory current can be used to produce sedtvitching commutations and at the same time to generate the
magnetic field in the vessel for heating purpose

3.2 10;aMTMI D1 EM HP? LN?L

The schematiof a typical quasiresonant converter[6] is shown in Figure &. The topology consists of a single
IGBT, with an antiparallel diode, which is connected to the resonant tank. The resonant coil is the ypme
used to produce the magnetic field in an indtion cooker. Typical switching waveforms of the IGBT are show
in Figure ®. WWhen the switch is on, the current flows first in the dioded then it moves to the IGBas soon as
it changes its polarity. During the commutation from diode to IGBffe current becomes zero and voltage is
always very low, therefore a ZVS and ZCS tamis achievedAtthe IGBT turroff, the current drops very fast,
whilst the collector wltage increass much more slowly,as it is limited by the resonant capacitance. Therefore
a virtual ZVS operation can also be achieved at tarff

Resonant
network

CeS
I
I
I

I

| Active
| Device
I
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Figure 6 Schematic of a quastresonant converter and typical IGBT waveforms.

Figure 7shows thefour operating phasesof a quasiresonant converterduring a switching cyclg8]:

1 Phase lthefirst phase starts when theurrent in the inductor changes polarityand consequentlywith the
IGBT turron. During this phasghe inductor current (and therefore the IGBT cemt) increase almost
linearly with a rate of rise given by the ration betwedns voltage YBUS$and the resonant inductor The
phase | ends when the IGBT turof.

1 Phase IBnd llI: in these phases, the current flows between the inductor and the capacifs a
conseqguence, the inductor current and the capacitor voltage resonate with the natural frequency of the
resonant tank. Phase Il ends when the inductor current becomes negative whilst pHbaseds when the
voltage on the switch becomes negative, anhe diode starts to conduct.

1 Phase IV: the diode turren as soon as the voltage across the switch becomes slightly negative. In this
phase, the current in thective deviceis negative (it flows from the emitter to the collector terminal) and it
decrea®s in absolute value. The rate ofiangeis almost constant and its approximately equato the rate
of rise in phase I.

Application Note 90f29 VvV 3.01
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Figure 7 Operating states of the quasi-resonant converter.

The power control in the quasiesonant converter can be achieved by varyitige conduction time of the IGBT
Alonger IGBT conduction time resudin higher peak current in the resonant inductor and consequently higher
power delivered to the vessel.

3.2.1 ", MC= ?2KO; NCIHM | @ 12 =1 HP?LN?L

The basic equations that describe the operationtbie QRconverterfor a given specific switching cychre

shown in the following. Parameter&kand L represent the values of the equivalent resistance and inductance of
a specific coil and vessel arrangement, whilst the parame@epresents the value of the resonant

capacitance. Parametergysis the voltage across the bus capacitarhichis assumed to be constant during the
given switching cycle.

71 InPhase | and Ithe circuit behaves as a typical RL series circuit, therefore tirrert can be described by
the following equation:

© O 0O ° Oz p Q 1)
where O ——ht -and is the turnon current of the diode.
The peak current of the IGBT can be expressed as a function of the IGBMeTon:
0 ;i © © Oz p Q (2

1 In Phase land Il the circuit operates as a typical RLC series network with the initial current equal to the
turn-off current of the IGBTAssuming an oscillatory damped behavipf], the typical equation of the
current can be writteras:

"0 6zQ zZOEd®o | (3)
where @ —h®d 7 » h =
Thecoefficients A and have tobe determinedaccording to the boundargconditions:

on 0  HOvY 0

As a first approximation, one can calculate the maximum peak voltage of the IGBT, whenstatéf starting
from the maximum current in the inductarby using the following formula:
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z

(4)

W K

.t is evident

where E is the energy stored in the resonamductor, which is approximately equal tdO

from equation 4 that the IGBT voltage at turoff has ainear dependenceon the inductor current and a square
root dependence on the inductor valugdowever, the above formul& derivedfrom the approximation that
the equivalent resistance is zero, so the actual peak voltage is indeed smaller.

3.2.2 (; BMQCN=BCHIAH QP L NC=1 HP? LN?L

ZCS and ZVS IGBT tuon operation is achieved in a QR converter as long as the inductor current can flow in
the diode. This can only happen if the IGBT voltage becomes negative during the resonant oscillatitre

case oftoo little energybeingstored in the inductor at the IGBT turaff orif there isa high equivalent
resistance of the vesd, the IGBT voltagenight not reach zero. In this case, the IGBT canlonger be switched
at zero voltagealthoughit is still at zerocurrent, as show in Figure 8 During turron of the IGBT there is a
large current spike due to the fast discharge of the resonant capaciuring this phase the etent of the IGBT
is limited by its equivalent orstate resistanceand by the stray inductance of the circuit. This hardswitching
event increases the overall power dissipation of the IGBT. The power dissipalimimg the IGBT turron can be
estimated asthe product of the residual energy stored in the resonant capacitansen the IGBT turn®n,

and the switching frequencyf the IGBT

0 & ™z6zw z27Q (5)
where \4yis the residual voltage in the resonant capacitamevhen the IGBT turnsn. The turn-on spike can be
limited by the usage of a lower gate voltage.g. 10 ¥ The height of the pulse will be lower resulting in a better
EMI behavior of the system. A voltage step from tamto the optimal gatevoltage shauld be considered in the
system to have an increased current capability of the system

hacroy Ipk = 454
Ic
Vee
00V/div) (10A/div)
Fa
IGBT mum on
A
Figure 8 Hard-switching operation in QR converter.

When the systems operates in hagivitching mode, the power dissipation of the IGBIcieases signifcatty
thus alsoreducing the conversion efficiency. As this condition is predominant at low output power, one
possible solution to avoida hard-switching condition is to adopt a s@alled burst mode. In this operation

17BCFMN NBCM G?; MOL?M =; H L?>0=? NB? ; GIJFCNO>? | i@heNBBT,sinceths =O0OL
is only dependent on the residual voltage across the resonant capacitance and on the capacitance value.
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regime, the minimum output power of the system is setsuch a wayhat no hard switchingoperations occurt
and a lower output power can be achieved by an-off modulation of the inverter as show in Figure 9 The
exampleof a possible oroff strategy for different power levels is shownTrable 1 with the assumption that a
minimum output power of 1 kW is sufficient to avoid mtinuous hardswitching operations.

T

v

)y Ton > < Toff ’ DC = Ton
Tors
Figure 9 Burst-mode opearation in QR converter.
Table 1 Output power regulation during burst mode
Desired output power (W) Inverter on duty cycle
1000 100%
800 80%
600 60%
400 40%

The minimum operation frequency of the burshode has to be set high enough to avoid any noniformities
of heat distribution in the vessehlnd at the same time to avid noticeable fluctuactions of the temperature in
the food, which would end in unefficient cookingrocesses On the other hand, thenaximum operating
frequency is usually limited by the EMC requirementsudlly, a burst frequency of 0:2.3 Hz is used.

323/ P?2LPIJENNARZNCI H

A serious problem in the singlended topology ighat the peak collector voltage of the IGBT is not fixed but
depends on the resonant load and on the output power. In addition, unpredictable events on the grid, like
surges or mains interruption, can significantly increase the peak voltabe reduce thevoltage surgea varistor
is commonly usedalthoughit = ; tHlWaysabsorball the additional energy produced by grid fluctuationg=or
this reasonthe IGBT voltage class should be selected to have adequatly safe voltage margin.

VCC VvDC VCC VvDC

Snubber networkl Active clamping network

Application Note 120f29 VvV 3.01
20210824



o _.
Reverse-conducting IGBTSs for induction cooking and resonant |nf|ne0n
applications '\_ _—

Resonant converter topologies for induction cooking applications

VCC VvDC vee vDC
Ron
Roff
Power clamping diode Snubber network 2
Figure 10 Possibile solutions to limit the collector -emitter voltage of the IGBT.

In addition, other protection mechanismsould be considered. As an example, one possibiliyfimit the
overvoltage on the IGBT is to turn it aactively with a series aZener diodes connected betweethe collector
and the gateterminals (the secalled active clamping mode)Other possibilities to clamp the collecteemitter
voltage are shown ifrigure 10

324! >P; HW ;HA? >CM; 3R HN\BZA?2KM;HMGIN =1 HP? LN?L
=1l ECHA ;MJFC=; NCI H

The QR converter is quite popular in the induction cookimgrket. Some of the benefits for which this topology
is choseninclude:

1 Very good power conversion efficiency due to seftitching operation of the power switch

1 Simple design witlonly one power switch
1 Lower cost compared to alternative converter configuratiomsed in induction cooking

Some of the drawbacks of this topologgclude:

1 Voltageresonant operation thatmakesthe VCE of the IGBiigherthan the input voltage(in the range of a
thousand voli)

1 Highsensitivty to grid-voltage variation (e.g. surges, nves interruption, etc.) as the voltage resonance
amplifies the input voltage

1 Control difficulties,asthe load is unpredictablewhich can significantlychangethe operation of the
converter (e.g. damping factor, resonant frequency, etc.)

1 Switching frequerty cannot be controlled accuratelyas it depends on the load
1 Maximum power limited by the maximum breakdown voltage of the IGBT
1 Minimum continucus power operation limited by the occurrence of hagiitching operation

The QR converter is mostly used in inttion cooking appliances that have only one cooking zone. In this case,
it offers the best tradeoff between cost and performance. Usually the inverter power rating is limited to 2.2 kW,
becausefor larger power the voltage class of the IGBT would incsegresulting in anincreaseof device losses.
Due to the cost pressure ithe consumer market, this topology is becoimg more and more popular also in the
market for mutli-hob appliances, especially in the lownd segment.

3.3 (, ¥O@C>A?4d MMML B?MNL N7 IH

The schematiaiagramof a typicalhalf-bridge seriesconverter[9] is shown in Figure 1h. Themain difference
with respectto a quasiresonant converter is that the inverter stage consiststafo IGBTs arranged in a totem
pole configuration.In this configuration, the maximum vaage on each IGBT can never exceed the voltage of
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the bus capacitanceregardless othe output power of the inverter. This represema huge advantage with
respectto the QR converteraslow-voltage devicesan be usedtypically 606650 V which have mah lower
losses compared to higivoltage devicesThe typical switching waveforms @n IGBT operating in this
topology, are show in Figure 1b, wherethe two devices of the bridge havéhe same conduction timesand
the resonant converter operates ithe inductive regiort. When the switch is on, the current flows first in the
diode and then it moves to the IGBT as soon as it changes its polarity. Durincotinenutation from diode to
IGBT the currentis zero andthe voltage is always very low, therefore a ZVS and ZCS-turisreached When
the IGBT turs off, the load current is reverted to the diode of the other deviemd the same behavior is
repeated inthe second semiycle.

|' - T = —— e |
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¢ | power '—FW\/JWY\_" |
BUs | devices || |
| |
- :l :
A — | _
: D, | Ca =
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@ 5.ovidiv By:250M 304 acqs RL:10.0M
wZ0.0A 10.0pys 10.68ms10.78ms Cons February 06, 2019 11:35:03
b)
Figure 11 Schematic of a haltbridge series-converter and typical IGBT waveforms.

1That is, when the switching€quency of the inverter is larger than the resonant frequency of the RLC network.
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Figure 1Zhows the 4 operating phases of a hdilfidge converter during a switching cycl@0][8]:

1 Phase I: dring this phasethe high-side (HS)GBT is on and the current in thead inductor increases. At the
end of phase |, HEBT is turned off and the load curreaventuallyreverts to lov-side (LSyiode.

1 Phase 1b: in this phasethe inductor current flows in the snubber capacitancg§present, and the voltage
across theL SIGBT igeduced The phase ends when the LS diode becomes directly biased.

1 Phase II: dring this phasethe current flows into the LSidde; the current in the inductor is still flowing in
the same directioras in phase I.

1 Phase llithe currentin phase llbecomes negative and naturally reverts frothe the LSdiode to the LS
IGBT. LEGBT trnson and LSliode turnsoff with zero losses. At the end of this phase;IGBT turnoff and
the current is diverted intdahe HS diode.

1 Phase IHb: in this phasethe inductor current flows in the snubber capacitances, if present, and the voltage
across the HS IGBT is redeat The phase ends when the HS diode becomes directly biased.

1 PhaselV: during this phasethe current flows into the I$ diode; the current in the inductor is still flowing in
the same direction as in phaséd.|

1 Phase V:tahe end d phase IVthe currentchanges diection again,and the HIGBT turns on in do-
switching conditions. The H8iode turnsoff also insoft switching with no reverse recovery effect
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Figure 12 Operating states of the half-bridge resonant converter. The arrows in the bottom diagram
represent the direction of the current for each phase.
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During the power switchurn-off, the rate of rise of the voltage is not limited by the resonant capacitarasfpr
the QR converter. In this case, the tudff losses ould be relevantif IGBE with non optimized perfromances

areused. However, the switching losses can be reddty adding a snubber capacitance in parallel to each

IGBT. The use of snubber capacitance has mainly two advantages:

1 It reduces the swithing losses of the IGBT
1 It makesthe dv/dt more stable and controllable, thus improving the EMI behavior of the switch

A side effect of the snubber capacitancelt it increasesthe time between the turroff of one IGBT and the
turn-on of the oppositediode. This must be taken into account when designing the proper dead time of the two
gatesignak®. Figure 13depictsthe typical behavior between the turroff switching losses of an IGBT and the
snubber capacitancé

120%

100%
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60%

40%

20%

Normalized IGBT switching losses

0%
0 10 20 30 40 50 60 70
Sunbber capacitance (nF)

Figure 13 Typical normalized turn -off switching losses with different snubber capacitance .

In principle, the halfbridge inverter can operate also in capacitive motdélowever this operation is usally not

preferredas it produces higher losses in the IGBIue tothe device operaing in hard-switching turn-on. During

hard-switching turn-on, the losses are usually larger than for twoff, due tothe reverse recovery losses of the
diode.

In the haltbridge topology, the output powerin the load resistancean be easily controllediathe switching
frequency of the inverter. This aspect is important when designing induction cookers with more than one
inverter. To avoid acoustic noise, two maiaspect have tabe considered:

1 the switching frequency of each inverter should not be lower than 20 kHz (upper lintiuofianaudible
range)

1 Alternatively, a better approach, even if more complicated, would be to trigger the IGBt tamby the zero crossing of the inductor
current.

2The reader should note thatwhilst the characteristic is considered to be typical for a general IGBT, the actual redurditercan be
very different according to the specific IGBT technology that is considered.

3That is, when the switching fragency of the inverter is lowethan the resonant frequency of the RLC network.
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1 if more than one inverter is operating at the same tipthe difference in operating frequency must fall
outside the audible range

So, as an example, if one inverter operates at 25 kHz, the other inverter has to operate either at the same
frequency £20 Hz or above 45 kHz. In most casesnibise convenientfor both the inverters to operate at the
same frequencyln a haltbridge topology, where the switching frequency can be contrallaccurately,it is
much easier to achieva matchedfrequency compared to the quagiesonant topology.However, heremay be
cases where the power requirements of each inverter correspond to switchiagdencies that daot fulfill the
aforementionedconditions. In this caseseveral switching ptterns (usually protected by intellectual
properties) are possible to maintain the isérequency operations and to deliver the target power rating to the
different inverter, at leasts anaverage.

3.3.1 ", MC= ?KOKMCICBEM?L@NMBB? MN =1 HP?LN?L

The basic equations that describe the operation of the HBSR converter for a given specific switching cycle are
shown in the following. Parameter&kand L represent the values of the equivalent resistance and inductance of

a specific coil and vessel arrangement, whilst the parame@epresents the value of the resonant

capacitance. Parametergysis the voltage across the bus capacitor, which is assumed to bestamt during the
given switching cycle. In order to simplify the analysis, it is wantbting that during aswitching cycle the

circuitin Figure 1A is equivalent to the circuit ifrigure 14i.e., a typical RLC series circuit.

Lload Rload

Vbridge Cr

Figure 14 Equivalent resonant circuit during a switching cycle

Therefore the basic equation of the current in the switch is tkameasequation 3

O 02zQ zOEd o T h

where —hdo ] » h

Wz

4B? =1?2@@C=C?HNM ! ; H> € Bie Bdhdaly lconditidns tn Rabk?aldubyytie of ; = =
50% is used, the IGBT twaff current and the diode turron current must be the same in absolute value, with
opposite sigrs. ‘O 1t 0'Y O

3.3.1.1 ' H; FSMCM3BQCKBBH@CGIVMNC I H G? NBI >

If aduty-cycle of 50% is usedle.,the resonant circuit isstimulated by a square wavean alternative method to
analyze the circuit ishe so-called firstharmonic-approximation (FHAaIso known as siusoidal approximation
[11]. For a relative low damping, the RLC series circuit behaves lik@nalpassfilter, where thecentral
frequencyof the passing bands equal to the resonant frguency. Since the input signal of the network is a
square waveall harmonics that falloutside the passband are significantly attenuated. Therefores an initial
approximation, one can anabe the circuit considering only the harmonic of the input sigriaht falls within

the passband of the filterThis approximation is more valid the higher the quality factor of the filter, which can
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be calculated asb — —. The quality factor is a dimensionless parameter thatipressedas the ratio of
the energy stored in the magnetic circuit and the energy dissipated in the damping resistance.

Series impedance - Amplitude
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10.0
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o
o o ©

< —> 14 . >
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o O
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Series impedance - Phase
100
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o
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4>
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Frequency (kHz)

b)
Figure 15 Amplitude (a) and angular phase (b) of the impedance ofthe RLCcircu® 2 w F AH ,
and C =1 pF)
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With this approximation, the amplitude andhe phase shift of the current in the resonant tank can be derived
by calculating the equivalent impedance of the resonant circuit, which can be written according to the
following formula:

O Y O o— (6)

wherew L?2JL?M?HNM NB? MQCN = B C-ttave vdladge vhid aniyplude-Hof the@rreNtBs? CH .
therefore calculated as:

0as — ———— Y

while the phase of the current can be calculated as:

o AOA— (8)
The values of the amplitude and the phase of timpedanceat different frequencies are showin Figure 15
The current has a maximumta ] = whichis when the excitation frequency is the same as the

natural frequency of the resonant load'he phase shifbetween voltage and currenin this case is equal to zero
degrees.The maximum current can be calculated simply as the catifthe amplitude of the input voltagefirst
harmonic and the value of the damping resistance.

Normalized output power vs frequency
100%
80%
60%
—Q=0.63

40% —Q=3

Q=6
20%
0%

8 28 48 68
Frequency (kHz)
Figure 16 Output power vs switching frequency for different quality factors .

In Figurel6, the resistor power dissipation is shawwith respectto the switching frequency and at different
quality factors, assuming a input voltageamplitude equal to one Asseen in the graphthe output power
characteristcs flatten at higher frequencgyespecially for thosevith lower Qfactors. This means thator higher
values of resistance R, the capability to controf the output power is reducegand therefore a higher
switching frequengy is needed to achieve the same output power level. This is ainne reason whythe pulse-
width modulation stategy is usedor very low power setting$l2], as show in the next section
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3.3.2 /' J?L,;, NCISHLCxXAB;, ML C? M L? MI 8)CH3B=I1 HP
Gl >0F; NCI H M=B?G?

As mentioned before, there can be cases in a miltib cooker, where different inverters need different power
ratings requiring different operating fequencies. Areasier approach to increase the flexibiligf control, and
still to allow the isefrequency operation, is to use a pulsgidth modulation (PWM) strategy to control the
switch. Thiscontrol method showsthat for a given equivalent resonantnk, the maximum output power is
achieved wherboth the half-bridge devicesconduct for the samdength of time(that isa control signalof 50%
duty cycle), whik the output powerreducesin case ofisymmetric conduction times as shown Figure 17
(duty cycles lower or higher than 50%)

Figure 17 Resistor real power of a resonant tank vs the dutycycle of the input PWM signal

An example of the IGBT switetg waveform for a duty cycle (DC) of 20% and 50% for the same resonant tank
and switching frequency is shown iRigure 18As depicted in thgraphs by changing the dty cycle, it is

possible to achieveonsiderableload variatiors with no change of theswitching frequencyFigure 18hows a
comparison of the typical waveforms @t halfbridge resonant converter operating with a DC of 20% and 50%,
respectively.
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