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(57) Abstract: An inductive heating device (1) comprises: a device housing (10), a DC power source (11), a power supply electron -
ics (13) comprising a DC/AC inverter (132) including a Class-E power amplifier with a transistor switch (1320), a transistor switch
driver circuit (1322), and an LC load network (1323) configured to operate at low ohmic load (1324), the LC load network (1323)
comprising a shunt capacitor (CI) and a series connection of a capacitor (C2) and an inductor (L2), and a cavity (14) arranged in the
device housing (10), the cavity (14) having an internal surface shaped to accommodate at least a portion of the aerosol-forming sub -
strate (20), wherein the cavity (14) is arranged such that the inductor (L2) is inductively coupled to the susceptor (21) of the aerosol-
forming substrate (20) during operation.
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Inductive heating device for heating an aerosol-forming

substrate

The present invention relates to an inductive heating
device for heating an aerosol-forming substrate, and more
particularly relates to an 1inductive heating device for
heating an aerosol-forming substrate of a smoking article.

Previously known more conventional smoking articles,
for example cigarettes, deliver flavor and aroma to the user
as a result of a combustion process. A mass of combustible
material, primarily tobacco, 1is combusted and an adjacent
portion of material 1is pyrolized as the result of applied
heat drawn therethrough, with typical combustion temperatures
being in excess of 800°C during puffing. During this heating,
inefficient oxidation of the combustible material takes place
and yields wvarious distillation and pyrolysis products. As
these products are drawn through the body of the smoking
article towards the mouth of the user, they cool and condense
to form an aerosol or vapor which gives the consumer the
flavor and aroma associated with smoking.

A prior alternative to the more conventional smoking
articles include those in which the combustible material
itself does not directly provide the flavorants to the
aerosol inhaled by the smoker. In these smoking articles, a
combustible heating element, typically carbonaceous in
nature, 1s combusted to heat air as it 1is drawn over the
heating element and through a =zone which contains heat-
activated elements that release the flavored aerosol.

Yet another alternative to the more conventional
smoking articles comprises an aerosol-forming tobacco-laden

solid substrate comprising a magnetically permeable and



10

15

20

25

30

CA 02937066 2016-07-15

WO 2015/177255 PCT/EP2015/061200

electrically conductive susceptor which 1s arranged in
thermal ©proximity to the aerosol-forming tobacco-laden
substrate. The susceptor of the tobacco-laden substrate is
exposed to an alternating magnetic field generated by an
induction source, so that an alternating magnetic field is
induced in the susceptor.

This induced alternating magnetic field generates heat
in the susceptor, and at least some of this heat generated in
the susceptor 1s transferred from the susceptor to the
aerosol-forming substrate arranged in thermal proximity to
the susceptor to produce the aerosol and evolve the desired
flavor.

There is a need for an induction heating device for
aerosol-forming substrates including a susceptor, more
particularly for solid aerosol-forming substrates including a
susceptor, for example solid aerosol-forming substrates of a
smoking article. The induction heating device shall be
capable of operating without the need to be connected to an
external power supply. In addition, the device shall be small
in overall size and easy to use, so that it is attractive to
users. The device shall allow for rapid generation of the
required heat in the susceptor, which can then be transferred
to the aerosol-forming substrate in order to produce the
aerosol to allow a user to draw the aerosol on demand.

In accordance with one aspect of the invention an
inductive heating device for heating an aerosol-forming
substrate comprising a susceptor is suggested, in particular
for heating a solid aerosol-forming substrate of a smoking
article. The inductive heating device according to the
invention comprises:

- a device housing

- a DC power source having a DC supply voltage
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- a power supply electronics configured to operate at high
frequency, the power supply electronics comprising a DC/AC
inverter connected to the DC power source, the DC/AC inverter
including a Class-E power amplifier including a transistor
switch and an LC load network configured to operate at low
ohmic load, wherein the LC load network comprises a shunt
capacitor and a series connection of a capacitor and an
inductor having an ohmic resistance, and

— a cavity arranged in the device housing, the cavity having
an internal surface shaped to accommodate at least a portion
of the aerosol-forming substrate, the cavity being arranged
such that upon accommodation of the portion of the aerosol-
forming substrate in the cavity the inductor of the LC load
network 1is inductively coupled to the susceptor of the
aerosol-forming substrate during operation.

The aerosol-forming substrate is preferably a
substrate capable of releasing volatile compounds that can
form an aerosol. The volatile compounds are released by
heating the aerosol-forming substrate. The aerosol-forming
substrate may be solid or liquid or comprise both solid and
ligquid components. In a preferred embodiment, the aerosol-
forming substrate is solid.

The aerosol-forming substrate may comprise nicotine.
The nicotine containing aerosol-forming substrate may be a
nicotine salt matrix. The aerosol-forming substrate may
comprise plant-based material. The aerosocl-forming substrate
may comprise tobacco, and preferably the tobacco containing
material contains volatile tobacco flavor compounds, which
are released from the aerosol-forming substrate upon heating.

The aerosol-forming substrate may comprise homogenized
tobacco material. Homogenized tobacco material may be formed

by agglomerating particulate tobacco. Where present, the
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homogenized tobacco material may have an aerosol-former
content of equal to or greater than 5% on a dry weight basis,
and preferably between greater than 5% and 30% by weight on a
dry weight basis.

The aerosol-forming substrate may alternatively
comprise a non-tobacco-containing material. The aerosol-
forming substrate may comprise homogenized plant-based
material.

The aerosol-forming substrate may comprise at least
one aerosol-former. The aerosol-former may be any suitable
known compound or mixture of compounds that, in wuse,
facilitates formation of a dense and stable aeroscl and that
is substantially resistant to thermal degradation at the
operating temperature of the aerosol-generating device.
Suitable aerosol-formers are well known 1n the art and
include, but are not limited to: polyhydric alcohols, such as
triethylene glycol, 1,3-butanediol and glycerine; esters of
polyhydric alcohols, such as glycerol mono-—, di- or
triacetate; and aliphatic esters of mono-—, di- or
polycarboxylic acids, such as dimethyl dodecanedioate and
dimethyl tetradecanediocate. Particularly preferred aerosol
formers are polyhydric alcohols or mixtures thereof, such as
triethylene glycol, 1, 3-butanediol and, most preferred,
glycerine. The aerosol-forming substrate may comprise other
additives and ingredients, such as flavorants. The aerosol-
forming substrate preferably comprises nicotine and at least
one aerosol-former. In a particularly preferred embodiment,
the aerosol-former is glycerine.

The DC power source dJenerally may comprise any
suitable DC power source including in particular a power
supply unit to be connected to the mains, one or more single-

use batteries, rechargeable batteries, or any other suitable
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DC power source capable of providing the required DC supply
voltage and the required DC supply amperage. In one
embodiment, the DC supply voltage of the DC power source 1is
in the range of about 2.5 Volts to about 4.5 Volts and the DC
supply amperage 1is in the range of about 2.5 to about b5
Amperes (corresponding to a DC supply power in the range of
about 6.25 Watts and about 22.5 Watts). Preferably, the DC
power source comprises rechargeable batteries. Such batteries
are generally available and have an acceptable overall volume
of between approximately 1.2-3.5 cubic centimeters. Such
batteries may have a substantially cylindrical or rectangular
solid shape. Also, the DC power source may include a DC feed
choke.

As a general rule, whenever the term “about” 1is used
in connection with a particular wvalue throughout this
application this 1s to be understood such that the wvalue
following the term “about” does not have to be exactly the
particular wvalue due to technical considerations. However,
the term “about” used in connection with a particular wvalue
is always to be understood to include and also to explicitly
disclose the particular value following the term “about”.

The power supply electronics 1is configured to operate
at high frequency. For the purpose of this application, the
term “high frequency” 1is to Dbe understood to denote a
frequency ranging from about 1 Megahertz (MHz) to about 30
Megahertz (MHz) (including the range of 1 MHz to 30 MHz), in
particular from about 1 Megahertz (MHz) to about 10 MHz
(including the range of 1 MHz to 10 MHz), and even more
particularly from about 5 Megahertz (MHz) to about 7
Megahertz (MHz) (including the range of 5 MHz to 7 MHz).

The power supply electronics comprises a DC/AC

inverter connected to the DC power source. The DC/AC inverter
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includes a Class-E power amplifier including a transistor
switch, a transistor switch driver circuit, and an LC 1load
network. Class-E power amplifiers are generally known and are
described in detail, for example, in the article “Class-E RF
Power Amplifiers”, Nathan O. Sokal, published in the
bimonthly magazine QEX, edition January/February 2001, pages
9-20, of the American Radio Relay League (ARRL), Newington,
CT, U.S.A.. Class-E power amplifiers are advantageous as
regards operation at high frequencies while at the same time
having a simple circuit structure comprising a minimum number
of components (e.g. only one transistor switch needed, which
is advantageous over Class-D power amplifiers which comprise
two transistor switches that must be controlled at high
frequency in a manner so as to make sure that one of the two
transistors has been switched off at the time the other of
the two transistors is switched on). In addition, Class-E
power amplifiers are known for minimum power dissipation in
the switching transistor during the switching transitions.
Preferably, the Class-E power amplifier 1is a single-ended
first order Class-E power amplifier having a single
transistor switch only.

The transistor switch of the Class-E power amplifier
can be any type o0f transistor and may be embodied as a
bipolar-junction transistor (BJT). More preferably, however,
the transistor switch is embodied as a field effect
transistor (FET) such as a metal-oxide-semiconductor field
effect transistor (MOSFET) or a metal-semiconductor field
effect transistor (MESFET).

The LC load network of the Class-E power amplifier of
the induction heating device according to the invention 1is
configured to operate at low ohmic load. The term “low ohmic

load” i1is to be understood to denote an ohmic load smaller
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than about 2 Ohms. The LC load network comprises a shunt
capacitor, and a series connection of a capacitor and an
inductor having an ohmic resistance. This ohmic resistance of
the dinductor is typically a few tenths of an Ohm. 1In
operation, the ohmic resistance of the susceptor adds to the
ohmic resistance of the inductor and should be higher than
the ohmic resistance of the inductor, since the supplied
electrical power should be converted to heat in the susceptor
to an as high extent as possible 1in order to increase
efficiency of the power amplifier and to allow transfer of as
much heat as possible from the susceptor to the rest of the
aerosol-forming substrate to effectively produce the aerosol.

A susceptor 1s a conductor which is capable of being
inductively heated. “"Thermal proximity” means that the
susceptor is positioned relative to the rest of the aerosol-
forming substrate such that an adequate amount of heat is
transferred from the susceptor to the rest of the aerosol-
forming substrate to produce the aerosocl.

Since the susceptor is not only magnetically permeable
but also electrically conductive (it 1s a conductor, see
above), a current known as eddy current is produced in the
susceptor and flows in the susceptor according to Ohm’s law.
The susceptor should have low electrical resistivity p to
increase Joule heat dissipation. In addition, the frequency
0of the alternating eddy current must be considered because of
the skin effect (more than 98% of the electrical current flow
within a layer four times the skin depth & from the outer
surface of the conductor). Taking this into account the ohmic
resistance Rg of the susceptor is calculated from the

equation

Rs = / 27f HoHy
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wherein

f denotes the frequency of the alternating eddy current

o denotes the magnetic permeability of free space

1y denotes the relative magnetic permeability of the
material of the susceptor, and

P denotes the electrical resistivity of the material of the

susceptor.

The power loss P. generated by the eddy current is

calculated by the formula

wherein

I denotes the amperage (rms) of the eddy current, and
Ry denotes the electrical resistance of the susceptor (see

above)

From this equation for P. and from the calculation of
Rs it can be seen that for a material having a known relative
magnetic permeability p, and a given electrical resistivity p
it is evident that the power loss P. generated by the eddy
current (through conversion to heat) increases with
increasing fregquency and increasing amperage (rms). On the
other hand, the frequency of the alternating eddy current
(and correspondingly of the alternating magnetic field
inducing the eddy current 1in the susceptor) cannot be
arbitrarily increased, since the skin depth & decreases as
the frequency of the eddy current (or of the alternating
magnetic field inducing the eddy current in the susceptor)
increases, so that above a certain cut-off frequency no eddy

currents can be generated in the susceptor anymore since the
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skin depth is too small to allow eddy currents to be
generated. Increasing the amperage (rms) requires an
alternating magnetic field having a high magnetic flux
density and thus requires voluminous induction sources
(inductors) .

In addition, heat is produced in the susceptor through
the heating mechanism associated with hysteresis. The power

loss generated by hysteresis is calculated from the equation

PH:V'WH'f

wherein

\Y denotes the volume of the susceptor
Wy denotes the work required to magnetize the susceptor
along a closed hysteresis loop in the B-H diagram, and

f denotes the frequency of the alternating magnetic field.

The work Wy required to magnetize the susceptor along a

closed hysteresis loop can also be expressed as
Wg = $H-dB

The maximum possible amount of Wy depends on material
properties of the susceptor (saturation remanence  Bg,
coercivity He¢), and the actual amount of Wy depends on the
actual magnetization B-H loop induced in the susceptor by the
alternating magnetic field, and this actual magnetization B-H
loop depends on the magnitude of the magnetic excitation.

There 1s a third mechanism generating heat (power
loss) 1in the susceptor. This heat generation is caused by
dynamic losses o0f the magnetic domains in the magnetically
permeable susceptor material when the susceptor is subjected

to an alternating external magnetic field, and these dynamic
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losses also generally increase as the frequency of the
alternating magnetic field increases.

To be able to generate the heat in the susceptor in
accordance with the afore-described mechanisms (mainly
through eddy current losses and hysteresis losses), a cavity
is arranged in the device housing. The cavity has an internal
surface shaped to accommodate at least a portion of the
aerosol-forming substrate. The cavity is arranged such that
upon accommodation of the portion of the aerosol-forming
substrate in the cavity the inductor of the LC load network
is inductively coupled to the susceptor of the aerosol-
forming substrate during operation. This means, that the
inductor of the LC 1load network of the Class-E power
amplifier is wused to heat the susceptor through magnetic
induction. This eliminates the need for additional components
such as matching networks for matching the output impedance
of the Class-E power amplifier to the load, thus allowing to
further minimize the size of the power supply electronics.

Overall, the inductive heating device according to the
invention provides for a small and easy to handle, efficient,
clean and robust heating device due to the contactless
heating of the substrate. For susceptors forming low ohmic
loads as specified above while having a resistance
significantly higher than the ohmic resistance of the
inductor of the LC load network, it is thus possible to reach
temperatures of the susceptor in the range of 350-400 degrees
Celsius in five seconds only or in a time interval which is
even 1less than five seconds, while at the same time the
temperature of the inductor is low (due to a vast majority of
the power being converted to heat in the susceptor).

As mentioned already, 1in accordance with one aspect of

the inductive heating device according to the invention the
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device is configured for heating an aerosol-forming substrate
of a smoking article. This includes in particular, that power
is provided to the susceptor within the aerosol-forming
substrate such that the aerosol forming substrate 1is heated
to an average temperature of between 200-240 degrees Celsius.
Even more preferably, the device 1is configured for heating a
tobacco-laden solid aerosol-forming substrate of a smoking
article.

In accordance with a further aspect of the inductive
heating device according to the invention, the total wvolume
of the power supply electronics is equal to or smaller than
2 cm’. This allows for an arrangement of the batteries, the
power supply electronics and the cavity in a device housing
having an overall small size which 1is convenient and easy to
handle.

According to a further aspect of the inductive heating
device according to the invention, the inductor of the LC
load network comprises a helically wound cylindrical inductor
coil having an oblong shape and defining an inner volume 1in
the range of about 0.15 cm® and about 1.10 cm’. For example,
the inner diameter of the helically wound c¢ylindrical
inductor coil may be between about 5 mm and about 10 mm, and
may preferably be about 7 mm, and the length of the helically
wound cylindrical inductor coil may be between about 8 mm and
about 14 mm. The diameter or the thickness of the coil wire
may be between about 0.5 mm and about 1 mm, depending on
whether a coil wire with a circular cross-section or a coil
wire with a flat rectangular cross—-section 1is wused. The
helically wound inductor coil 1is positioned on or adjacent
the internal surface of the cavity. A helically wound
cylindrical inductor <coil positioned on or adjacent the

internal surface of the cavity allows to further minimize the
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size of the device.

According to yet another aspect of the inductive
heating device according to the invention, the device housing
has a substantially cylindrical shape with the cavity being
arranged at the proximal end of the device housing and with
the DC power source being arranged at the distal end of the
device housing. The power supply electronics 1s arranged
between the DC power source and the cavity. This allows for a
space-saving and aesthetically pleasing arrangement of all
components of the inductive heating device in a small and
easy to handle device housing.

As already mentioned above, 1n accordance with another
aspect of the inductive heating device according to the
invention, the DC power source comprises a rechargeable DC
battery. This allows for recharging the batteries, preferably
through a connection to the mains wvia a charging device
comprising an AC/DC converter.

In accordance with yet another aspect of the inductive
heating device according to the invention, the power supply
electronics further comprises a microcontroller which 1is
programmed to interrupt generation of AC power by the DC/AC
inverter as the temperature of the susceptor of the aerosol-
forming substrate has exceeded a Curie temperature of the
susceptor during operation, and which is programmed to resume
generation of AC power as the temperature of the susceptor
has cooled down below this Curie temperature again. This
feature can be used for controlling the temperature of the
susceptor with the aid of the microcontroller.

In case the susceptor 1s made from one single
material, the Curie temperature should correspond to a
maximum temperature the susceptor should have (that is to say

the Curie temperature is identical with the maximum
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temperature to which the susceptor should be heated or
deviates from this maximum temperature by about 1-3%. As the
temperature of the susceptor exceeds the Curie temperature of
this single material, the ferromagnetic properties of the
susceptor are no longer ©present and the susceptor 1is
paramagnetic only.

In case the susceptor 1s made from more than one
material, the materials of the susceptor can be optimized
with respect to further aspects. For example, the materials
can be selected such that a first material of the susceptor
may have a Curie temperature which 1is above the maximum
temperature to which the susceptor should be heated. This
first material of the susceptor may then be optimized, for
example, with respect to maximum heat generation and transfer
to the rest of the aerosol-forming substrate to provide for
an efficient heating of the susceptor on one hand, however,
the susceptor then additiocnally may comprise a second
material having a Curie temperature which corresponds to the
maximum temperature to which the susceptor should be heated,
and once the susceptor reaches this Curie temperature the
magnetic properties of the susceptor as a whole change. This
change can be detected and communicated to the
microcontroller which then interrupts the generation of AC
power until the temperature has cooled down below this Curie
temperature again, whereupon AC power generation can be
resumed.

In accordance with another aspect of the inductive
heating device according to the invention the class E power
amplifier has an output impedance, and the power supply
electronics further comprises a matching network for matching
the output impedance of the class E power amplifier to the

low ohmic 1load. This measure may be helpful to further
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increase power losses in the low ohmic load leading to an
increased generation of heat 1in the low ohmic load. For
example, the matching network may include a small matching
transformer.

Another aspect of the invention relates to an
inductive heating system comprising an inductive heating
device according to anyone of the embodiments described above
and an aerosol-forming substrate comprising a susceptor. At
least a portion o©of the aerosol-forming substrate 1is
accommodated in the cavity of the inductive heating device
such that the inductor of the LC load network of the DC/AC
inverter of the 1inductive heating device 1s inductively
coupled to the susceptor of the aerosol-forming substrate
during operation.

According to one aspect of the inductive heating
system according to the invention the aerosol-forming
substrate may be an aerosol-forming substrate of a smoking
article. In particular, the aerosol-forming substrate may be
a tobacco-laden solid aerosol-forming substrate which may be
used in smoking articles (such as, for example, cigarettes).

Yet a further aspect of the invention relates to a kit
comprising an inductive heating device in accordance with any
of the afore-described embodiments and an aerosol-forming
substrate comprising a susceptor. The inductive heating
device and the aerosol-forming substrate are configured such
that in operation at least a portion of the aerosol-forming
substrate is accommodated in the cavity of the inductive
heating device such that the inductor of the LC load network
of the DC/AC inverter of the inductive heating device is
inductively coupled to the susceptor of the aerosol-forming
substrate. While generally, the aerosol-forming substrate and

the inductive heating device can be provided separately, they
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can also be provided in the form of a kit of parts. Or,
alternatively a starter kit may comprise the inductive
heating device and a plurality of aerosol-forming substrates
while in addition only aerosol-forming substrates are
provided, so that once the consumer has obtained an inductive
heating device 1in the starter kit and has consumed the
aerosol-forming substrates contained in the starter kit, the
consumer 1is only 1in need of additional aerosol-forming
substrates. Again, 1in accordance with one aspect of the kit
according to the invention, the aerosol-forming substrate may
be an aerosol-forming substrate of a smoking article, and in
particular the aerosol-forming substrate of the smoking
article may Dbe a tobacco-laden solid aerosol-forming
substrate.

Still a further aspect of the invention relates to a
method of operating an inductive heating system. The method
comprises the steps of:

- providing a DC power source having a DC supply voltage,
- providing a power supply electronics configured to
operate at high frequency, the power supply electronics
comprising a DC/AC inverter connected to the DC power source,
the DC/AC inverter including a Class-E power amplifier
including a transistor switch, a transistor switch driver
circuit, and an LC load network configured to operate at low
ohmic load, wherein the LC load network comprises a shunt
capacitor and a series connection of a capacitor and an
inductor having an ohmic resistance,

- providing a cavity capable of accommodating at least a
portion of an aerosol-forming substrate, the cavity being
arranged such that upon accommodation of the portion of the
aerosol-forming substrate in the cavity the inductor of the

LC load network i1is inductively coupled to the susceptor of
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the aerosol-forming substrate, and

- providing an aerosol-forming substrate comprising a
susceptor and inserting at least a portion of the aerosol-
forming substrate into the cavity such that the inductor of
the ILC load network is inductively coupled to the susceptor
of the aerosol-forming substrate.

According to one aspect of the method according to the
invention, the DC power source is a rechargeable battery and
the method further comprises the step o0f charging the
rechargeable battery prior to inserting the portion of the
aerosol-forming substrate into the cavity. This aspect 1is
particularly advantageous since in case rechargeable
batteries are used, the device can be used (after charging of
the batteries) without a connection to the mains or to
another external power source being necessary. Once the
battery charge is at low level, the rechargeable battery can
be easily recharged again, so that it 1s not necessary to
carry any single-use replacement Dbatteries along. If the
battery charge is low, the rechargeable battery can be simply
recharged and the device is ready for use again. In addition,
rechargeable batteries are friendly to the environment since
there are no single-use batteries that must be properly
disposed of.

Further advantageous aspects of the invention will
become apparent from the following description of embodiments
with the aid of the drawings in which:

Fig. 1 shows the general heating principle underlying

the invention,

Fig. 2 shows a block diagram of an embodiment of the
inductive heating device and system according

to the invention,
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Fig. 3 shows an embodiment of the inductive heating
device with the essential components arranged

in a device housing,

Fig. 4 shows an embodiment of essential components of
the power electronics of the inductive heating
device according to the invention (without

matching network),

Fig. 5 shows an embodiment of the inductor of the LC
load network in form of a helically wound
cylindrical inductor «coil having an oblong

shape,

Fig. 6 shows a detail of the LC 1load network
including the inductivity and ohmic resistance
of the coil, and in addition shows the ohmic

resistance of the load.

In Fig. 1 the general heating principle underlying the
instant invention is schematically illustrated. Schematically
shown in Fig. 1 are a helically wound cylindrical inductor
coil L2 having an oblong shape and defining an inner volume
in which there 1is arranged a portion or all of an aerosol-
forming substrate 20 of a smoking article 2, the aerosol-
forming substrate comprising a susceptor 21. The smoking
article 2 comprising the aerosol-forming substrate 20 with
the susceptor 21 1is schematically represented in the enlarged
cross—-sectional detail shown separately on the right hand
side of Fig. 1. As mentioned already, the aerosol-forming
substrate 20 of the smoking article 2 may be a tobacco-laden
solid substrate, however, without being limited thereto.

In addition, in Fig. 1 the magnetic field within the
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inner volume of the inductor coil L2 is indicated
schematically by a number of magnetic field lines B; at one
specific moment in time, since the magnetic field generated
by the alternating current i;; flowing through the inductor
coil L2 1is an alternating magnetic field <changing its
polarity at the frequency of the alternating current i
which may be in the range of about 1 MHz to about 30 MHz
(including the range of 1 MHz to 30 MHz), and may in
particular be in the range of about 1 MHz to about 10 MHz
(including the range of 1 MHz to 10 MHz, and may especially
be smaller than 10 MHz), and very particularly the frequency
may be in the range of about 5 MHz to about 7 MHz (including
the range of 5 MHz to 7 MHz, and may for example be 5 MHz).
The two main mechanisms responsible for generating heat in
the susceptor 21, the power losses P. caused by eddy currents
(closed circle representing the eddy currents) and the power
losses P, caused by hysteresis (closed hysteresis curve
representing the hysteresis), are also schematically
indicated in Fig. 1. With respect to these mechanisms it is
referred to the more detailed discussion of these mechanisms
above.

Fig. 3 shows an embodiment of an inductive heating
device 1 according to the invention. The inductive heating
device 1 comprises a device housing 10 which can be made of
plastic and a DC power source 11 (see Fig. 2) comprising a
rechargeable battery 110. Inductive heating device 1 further
comprises a docking port 12 comprising a pin 120 for docking
the inductive heating device to a charging station or
charging device for recharging the rechargeable battery 110.
Still further, inductive heating device 1 comprises a power
supply electronics 13 which is configured to operate at the

desired frequency, for example at a frequency of 5 MHz as
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mentioned above. Power supply electronics 13 is electrically
connected to the rechargeable battery 110 through a suitable
electrical <connection 130. And while the power supply
electronics 13 comprises additional components which cannot
be seen in Fig. 3, 1t comprises in particular an LC load
network (see Fig. 4) which in turn comprises an inductor L2,
this being indicated by the dashed lines in Fig. 3. Inductor
12 is embedded in the device housing 10 at the proximal end
0of device housing 10 to surround a cavity 14 which is also
arranged at the proximal end of the device housing 10.
Inductor L2 may comprise a helically wound cylindrical
inductor coil having an oblong shape, as shown in Fig. 5. The
helically wound cylindrical inductor coil L2 may have a
radius r in the range of about 5 mm to about 10 mm, and in
particular the radius r may be about 7mm. The length 1 of the
helically wound cylindrical inductor coil may be in the range
of about 8 mm to about 14 mm. The inner volume accordingly,
may be in the range of about 0.15 cm” to about 1.10 cm’.
Returning to Fig. 3, the tobacco-laden solid aerosol-
forming substrate 20 comprising susceptor 21 is accommodated
in cavity 14 at the proximal end of the device housing 10
such that during operation the inductor L2 (the helically
wound cylindrical dinductor coil) 1s inductively coupled to
susceptor 21 o0of the tobacco-laden solid aerosol-forming
substrate 20 of smoking article 2. A filter portion 22 of the
smoking article 2 may be arranged outside the cavity 14 of
the inductive heating device 1 so that during operation the
consumer may draw the aerosol through the filter portion 22.
Once the smoking article 1is removed from the cavity 14, the
cavity 14 can be easily cleaned since except for the open
distal end through which the aerosol-forming substrate 20 of

the smoking article 2 is to be inserted the cavity is fully



10

15

20

25

30

CA 02937066 2016-07-15

WO 2015/177255 PCT/EP2015/061200

_20_

closed and surrounded by those inner walls of the plastic
device housing 10 defining the cavity 14.

Fig. 2 shows a block diagram of an embodiment of the
inductive heating device 1 according to the invention,
however, with some optional aspects or components as will be
discussed below. Inductive heating device 1 together with the
aerosol-forming substrate 20 including the susceptor 21 forms
an embodiment of the inductive heating system according to
the invention. The block diagram shown in Fig. 2 1s an
illustration taking the manner of operation into account. As
can be seen, the inductive heating device 1 comprises a DC
power source 11 (in Fig. 3 comprising the rechargeable
battery 110), a microprocessor control unit 131, a DC/AC
inverter 132, a matching network 133 for adaptation to the
load, and the inductor L2. Microprocessor controller unit
131, DC/AC inverter 132 and matching network 133 as well as
inductor L2 are all part of the power supply electronics 13
(see Fig. 1). Two feed-back channels 134 and 135 are provided
for providing feed-back signals indicating the voltage and
current through inductor L2 allowing to control the further
supply of power. For example, in case the temperature of the
susceptor exceeds a desired temperature, a corresponding
signal may be generated interrupting the further supply of
power until the temperature of the susceptor is again below
the desired temperature whereupon further supply of power may
be resumed. Correspondingly, it 1s possible to control the
frequency of the switching wvoltage for optimal transfer of
power to the susceptor. A matching network 133 may be
provided for optimum adaptation to the load but is not
mandatory and is not contained in the embodiment described in
more detail in the following.

Fig. 4 shows some essential components of the power
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supply electronics 13, more particularly of +the DC/AC
inverter 132. As can be seen from Fig. 4, the DC/AC inverter
includes a Class-E power amplifier including a transistor
switch 1320 comprising a Field Effect Transistor (FET) 1321,
for example a Metal-Oxide-Semiconductor Field Effect
Transistor (MOSFET), a transistor switch supply circuit
indicated by the arrow 1322 for supplying the switching
signal (gate-source voltage) to the FET 1321, and an LC load
network 1323 comprising a shunt capacitor Cl and a series
connection of a capacitor C2 and inductor L2. In addition,
the DC power source 11 including a choke L1 is shown for
supplying a DC supply voltage +Vee. Also shown in Fig. 4 1is
the ohmic resistance R representing the total ohmic load
1324, which 1is the sum of the ohmic resistance Rco,i1 0f the
inductor L2 and the ohmic resistance Ri.aq of the susceptor
21, as this is shown in Fig. 6.

It is evident, that due to the very low number of
components the volume of the power supply electronics 13 can
be kept extremely small. For example, the volume of the power
supply electronics may be equal or smaller than 2 cm®. This
extremely small wvolume of the power supply electronics 1is
possible due to the inductor 12 of the ILC load network 1323
being directly wused as the inductor for the inductive
coupling to the susceptor 21 of aerosol-forming substrate 20,
and this small volume allows to keep the overall dimensions
of the entire inductive heating device 1 small. In case a
separate inductor other than the inductor L2 is used for the
inductive coupling to the susceptor 21, this would
automatically increase the volume of the power supply
electronics, this volume being also increased if a matching
network 133 is included in the power supply electronics.

While the general operating principle of the Class-E
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power amplifier 1is known and described in detail 1in the
already mentioned article “Class-E RF Power Amplifiers”,
Nathan 0. Sckal, published in the bimonthly magazine QEX,
edition January/February 2001, pages 9-20, of the American
Radio Relay League (ARRL), Newington, CcT, U.S.A., some
general principles will be explained in the following.

Let us assume that the transistor switch supply
circuit 1322 supplies a switching voltage (gate—-source
voltage of the FET) having a rectangular profile to FET 1321.
As long as FET 1321 is conducting (“on”-state), it does
essentially constitute a short circuit (low resistance) and
the entire current flows through choke L1 and FET 1321. As
FET 1321 1is non-conducting (“off”-state), the entire current
flows 1into the LC load network since FET 1321 essentially
represents an open circuit (high resistance). Switching the
transistor between these two states inverts the supplied DC
voltage and DC current into an AC voltage and AC current.

For efficiently heating the susceptor 21, an as large
as possible amount of the supplied DC power is to be trans-
ferred in the form of AC power to inductor L2 (helically
wound cylindrical dinductor <coil) and subsequently to the
susceptor 21 o0f aerosol-forming substrate 20 which 1is
inductively coupled to inductor 2. The power dissipated in
the susceptor 21 (eddy current losses, hysteresis losses)
generates heat 1n the susceptor 21, as described further
above. Or to say it in other words, power dissipation in FET
1321 must be minimized while maximizing power dissipation in
susceptor 21.

The power dissipation in FET 1321 during one period of
the AC voltage/current is the product of the transistor
voltage and current at each point in time during that period

of the alternating voltage/current, integrated over that
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period, and averaged over that period. Since the FET 1321
must sustain high wvoltage during a part of that period and
conduct high current during a part of that period, it must be
avoided that high voltage and high current exist at the same
time, since this would lead to substantial power dissipation
in FET 1321. In the “on-"state of FET 1321, the transistor
voltage is nearly zero when high current is flowing through
the FET 1321. In the “off-"state of FET 1321, the transistor
voltage is high but the current through FET 1321 is nearly
Zero.

The switching transitions unavoidably also extend over
some fractions of the period. Nevertheless, a high voltage-
current product representing a high power loss in FET 1321
can be avoided by the following additional measures. Firstly,
the rise of the transistor voltage is delayed until after the
current through the transistor has reduced to zero. Secondly,
the transistor voltage returns to zero before the current
through the transistor begins to rise. This 1is achieved by
load network 1323 comprising shunt capacitor C1 and the
series connection of capacitor C2 and inductor L2, this load
network being the network between FET 1321 and the load 1324.
Thirdly, the transistor voltage at turn-on time is
practically zero (for a bipolar-junction transistor “BJT” it
is the saturation offset voltage V,). The turning-on
transistor does not discharge the charged shunt capacitor C1,
thus avoiding dissipating the shunt capacitor’s stored
energy. Fourthly, the slope of the transistor voltage is zero
at turn-on time. Then, the current injected into the turning-
on transistor by the load network rises smoothly from zero at
a controlled moderate rate resulting in low power dissipation
while the transistor conductance 1s building up from zero

during the turn-on transition. As a result, the transistor
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voltage and current are never high simultaneously. The
voltage and current switching transitions are time-displaced
from each other.

For dimensioning the wvarious components of the DC/AC
inverter 132 shown in Fig. 4, the following equations have to
be considered, which are generally known and have been
described in detail in the afore-mentioned article "“Class-E
RF Power Amplifiers”, ©Nathan 0. Sokal, published in the
bimonthly magazine QEX, edition January/February 2001, pages
9-20, of the American Radio Relay League (ARRL), Newington,
CT, U.S.A..

Let Qr (quality factor of the LC load circuit) be a
value which is in any event greater than 1.7879 but which is
a value that can be chosen by the designer (see the afore-
mentioned article) let further P Dbe the output power
delivered to the resistance R, and let f be the freqguency,
then the various components are numerically calculated from
the following equations (V. being zero for FETs, and being

the saturation offset voltage for BJTs, see above):

L2 = QL°R/2Hf

R = ((Vee - V,)2/P)- 0.576801 - (1.0000086 — 0.414395/0Q; -
0.557501/0.% + 0.205967/0.°)

Cl = (1/(34.2219-f-R)) - (0.99866 + 0.91424/Q; - 1.03175/Qf) +
0.6/ (2nf)? - (L1)
C2 = (1/2nfR) - (1/Q-0.104823) - (1.00121+(1.01468/Q-1.7879)) -

(0.2/ ((2unf)?-1L1)))

This allows for a rapid heating up of a susceptor

having an ohmic resistance of R=0.6Q to deliver approximately
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W of power in 5-6 seconds assuming that a current of
approximately 3.4A 1is available using a DC power source
having a maximum output voltage of 2.8 V and a maximum output
current of 3.4A, a frequency of f = 5 MHz (duty ratio =
50%), an inductivity of inductor L2 of approximately 500nH
and an ohmic resistance of the inductor L2 of Resin = 0.1Q, an
inductivity L1 of about 1uH, and capacitances of 7nF for
capacitor Cl and of 2.2nF for capacitor C2. The effective
resistance of Rceix and Rigag 1s approximately 0.6 Q. An
efficiency (Power dissipated in the susceptor 21 / maximum
power of DC power source 11) of about 83.5% may be obtained
which is very effective.

As has been mentioned already, the susceptor 21 can be
made of a material or of a combination of materials having a
Curie temperature which is close to the desired temperature
to which the susceptor 21 should be heated. Once the
temperature of the susceptor 21 exceeds this Curie
temperature, the material changes 1its ferromagnetic proper-
ties to paramagnetic properties. Accordingly, the energy
dissipation in the susceptor 21 is significantly reduced
since the hysteresis losses of the material having
paramagnetic properties are much lower than those of the
material having the ferromagnetic properties. This reduced
power dissipation in the susceptor 21 can be detected and,
for example, the generation of AC power by the DC/AC inverter
may then be interrupted until the susceptor 21 has cooled
down below the Curie temperature again and has regained its
ferromagnetic properties. Generation of AC power by the DC/AC
inverter may then be resumed again.

For operation, the smoking article 2 1is inserted into
the cavity 14 (see Fig. 2) of the inductive heating device 1

such that the aerosol-forming substrate 20 comprising the
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susceptor 21 is inductively coupled to inductor 2 (e.g. the
helically wound cylindrical «coil). Susceptor 21 1s then
heated for a few seconds as described above, and then the
consumer may begin drawing the aerosol through the filter 22
(of course, the smoking article does not necessarily have to
comprise a filter 22).

The inductive heating device and the smoking articles
can generally be distributed separately or as a kit of parts.
For example, it 1s ©possible to distribute a so-called
“starter kit” comprising the inductive heating device as well
as a plurality of smoking articles. Once the consumer has
purchased such starter kit, in the future the consumer may
only purchase smoking articles that can be used with this
inductive heating device of the starter kit. The inductive
heating device is easy to clean and in case of rechargeable
batteries as the DC power source, these rechargeable
batteries are easy to be recharged using a suitable charging
device that 1is to be connected to the docking port 12
comprising pin 120 (or the inductive heating device is to be
docked to a corresponding docking station of a charging
device) .

Having described embodiments of the invention with the
aid of the drawings, 1t 1is clear that many changes and
modifications are conceivable without departing from the
general teaching underlying the instant invention. Therefore,
the scope of protection is not intended to be limited to the
specific embodiments, but rather is defined by the appended

claims.
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Claims

Inductive heating device (1) for heating an aerosol-
forming substrate (20) comprising a susceptor (21), the
inductive heating device (1)comprising:
- a device housing (10)
- a DC power source (11) having a DC supply voltage (Vcc),
- a power supply electronics (13) configured to operate
at high frequency, the power supply electronics (13)
comprising a DC/AC inverter (132) connected to the DC power
source (11), the DC/AC inverter including a Class-E power
amplifier including a transistor switch (1320), a
transistor switch driver circuit (1322), and an LC load
network (1323) configured to operate at low ohmic load
(1324), wherein the LC load network (1323) comprises a
shunt capacitor (Cl) and a series connection of a capacitor
(C2) and an inductor (L2) having an ohmic resistance
(Reoi1) , and
- a cavity (14) arranged in the device housing (10), the
cavity (14) having an internal surface shaped to
accommodate at least a portion of the aerosol-forming
substrate (20), the cavity (14) being arranged such that
upon accommodation of the portion of the aerosol-forming
substrate (20) in the cavity the inductor (L2) of the LC
load network (1323) is inductively coupled to the susceptor
(21) of the aerosol-forming substrate (20) during

operation.

Inductive heating device according to claim 1, wherein
device 1is configured for heating an aerosol-forming

substrate (20) of a smoking article (2).
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Inductive heating device according to claim 2, wherein the
device 1is configured for heating a tobacco-laden solid

aerosol-forming substrate (20) of a smoking article (2).

Inductive heating device according to any one of claims 1
to 3, wherein the DC supply voltage (Vgz) of the DC power
source (11) is in the range of about 2.5 Volts to about
4.5 Volts, and wherein the DC supply amperage of the DC
power source (l11) is in the range of about 2.5 Amperes to

about 5 Amperes.

Inductive heating device according to any one of claims 1
to 4, wherein the total volume of the power supply

electronics (13) is equal to or smaller than 2 cm?.

Inductive heating device according to any one of claims 1
to 5, wherein the inductor (L2) of the LC load network
(1323) comprises a helically wound cylindrical inductor
coil having an oblong shape (r, 1) and defining an inner
volume in the range of about 0.15 cm® to about 1.10 cm?,
and wherein the helically wound cylindrical inductor coil
is positioned on or adjacent the internal surface of the

cavity (14).

Inductive heating device according to any one of claims 1
to 6, wherein the device housing (10) has a substantially
cylindrical shape with the cavity (14) being arranged at
the proximal end of the device housing (10) and with the
DC power source (11) being arranged at the distal end of
the device housing (10), and wherein the power supply
electronics (13) is arranged between the DC power source

(11) and the cavity (14).

Date regue / Date received 2021-11-08
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Inductive heating device according to any one of claims 1
to 7, wherein the DC power source (11) comprises a

rechargeable DC battery.

Inductive heating device according to any one of claims 1
to 8, wherein the power supply electronics (13) further
comprises a microcontroller (131) which is programmed to
interrupt generation of AC power by the DC/AC inverter as
the temperature of the susceptor (21) of the aerosol-
forming substrate (20) has exceeded a Curie temperature of
the susceptor (21) during operation, and which 1is
programmed to resume generation of AC power as the
temperature of the susceptor (21) has cooled down below

this Curie temperature again.

Inductive heating device according to any one of claims 1
to 9, wherein the class E power amplifier has an output
impedance and wherein the power supply electronics (13)
further comprises a matching network (133) for matching
the output impedance of the class E power amplifier to the

low ohmic load (1324).

Inductive heating system comprising an inductive heating
device (1) according to any one of claims 1 to 10 and an
aerosol-forming substrate (20) comprising a susceptor
(21), wherein at least a portion of the aerosol-forming
substrate (20) 1is accommodated in the cavity (14) of the
inductive heating device (1) such that the inductor (L2)
of the LC load network (1323) of the DC/AC inverter (132)
of the inductive heating device (1) is inductively coupled
to the susceptor (21) of the aerosol-forming substrate

(20) during operation.

Date regue / Date received 2021-11-08
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Inductive heating system according to claim 11, wherein
the aerosol-forming substrate (20) is an aerosol-forming

substrate of a smoking article (2).

Inductive heating system according to claim 12, wherein
the aerosol-forming substrate (20) of the smoking article

(2) is a tobacco-laden solid aerosol-forming substrate.

Kit comprising an inductive heating device (1) according
to any one of claims 1 to 10 and an aerosol-forming
substrate (20) comprising a susceptor (21), the inductive
heating device (1) and the aerosol-forming substrate (20)
being configured such that in operation at least a portion
of the aerosol-forming substrate (20) is accommodated in
the cavity (14) of the inductive heating device (1) such
that the inductor (L2) of the LC load network (1323) of
the DC/AC inverter (132) of the inductive heating device
(1) is inductively coupled to the susceptor (21) of the

aerosol-forming substrate (20).

Kit according to claim 14, wherein the aerosol-forming
substrate (20) is an aerosol-forming substrate of a smoking

article (2).

Kit according to claim 15, wherein the aerosol-forming
substrate (20) of the smoking article (20) is a tobacco-

laden solid aerosol-forming substrate.

Method of operating an inductive heating system, the method
comprising the steps of:
- providing a DC power source (11) having a DC supply

voltage (Vee),

Date regue / Date received 2021-11-08
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- providing a power supply electronics (13) configured to
operate at high frequency, the power supply electronics
(13) comprising a DC/AC inverter (132) connected to the DC
power source (132), the DC/AC inverter (132) including a
Class-E power amplifier including a transistor switch
(1321), a transistor switch driver circuit (1322), and an
LC load network (1323) configured to operate at low ohmic
load (R), wherein the LC load network (1323) comprises a
shunt capacitor (Cl) and a series connection of a capacitor
(C2) and an inductor (L2) having an ohmic resistance
(Reoin) 4

- providing a cavity (14) capable of accommodating at
least a portion of an aerosol-forming substrate (20), the
cavity (14) being arranged such that upon accommodation of
the portion of the aerosol-forming substrate (20) in the
cavity the inductor (L2) of the LC load network (1323) is
inductively coupled to the susceptor (21) of the aerosol-
forming substrate (209), and

- providing an aerosol-forming substrate (20) comprising
a susceptor (21) and inserting at least a portion of the
aerosol-forming substrate (20) into the cavity (14) such
that the inductor (L2) of the LC load network (1323) 1is
inductively coupled to the susceptor (21) of the aerosol-

forming substrate (20).

Method according to claim 17, wherein the DC power source
(11) is a rechargeable battery, and wherein the method
further comprises the step of charging the rechargeable
battery prior to inserting the portion of the aerosol-

forming substrate (20) into the cavity (14).

Date regue / Date received 2021-11-08
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