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ELECTRONIC VAPOUR PROVISION SYSTEM

Field

The present disclosure relates to an electronic vapour provision system, e.g. an e-
cigarette, and to a control unit for such a system.

Background

Electronic vapour provision systems such as e-cigarettes and other electronic nicotine
delivery systems generally contain a cartridge to provide a reservoir of liquid which is to be
vaporised, typically nicotine. When a user inhales on the device, a control unit operates a
battery to provide power to a heater. This activates the heater to vaporise a small amount of
liquid, which is then inhaled by the user.

This type of e-cigarette therefore generally incorporates two consumables, firstly the
liquid to be vapourised, and secondly power in the battery. Regarding the former, once the
reservoir of liquid has been exhausted, at least a portion of the device containing the cartridge
may be discarded to allow replacement with a new cartridge. Regarding the latter, an e-
cigarette usually provides some form of electrical connector to receive power from an external
charging device, thereby allowing the battery with the e-cigarette to be re-charged.

Most e-cigarettes are powered by re-chargeable lithium ion batteries (or cells), which are
to be found in a very widespread range of devices, not just e-cigarettes. (N.B. the terms
“pattery” and “cell” will be used inter-changeably herein, since due to the limited space within an
e-cigarette, the battery in such an e-cigarette usually comprises just a single cell). Conventional
(commonly-used) lithium ion batteries are based on a cathode made from lithium cobalt oxide
(LICoOy), and produce a voltage output that tends to decline as they discharge, for example,
from about 4.2V when fully charged, down to about 3.0V before being fully depleted, i.e. a
decline of about 28%. Furthermore, since the power output across a given heating resistor R
goes with VR, this implies that there would generally be a corresponding drop in power output
such that the final operational power output (at a voltage of 3.0V) is only 52% of the initial power
output (at a voltage of 4.2V). This change in power supplied by the battery to the heater, from
being fully charged to being nearly discharged, can therefore significantly impact the amount of
liquid vaporised, and hence inhaled by a user.

Existing e-cigarettes have adopted a number of techniques for coping with this variation
in power supplied by a battery over the discharge cycle. For example, some devices may shut
themselves down before the battery falls to 3.0V — e.g. at a battery output voltage of 3.6V. This
reduces the variation in power output (the final operational power output is now at about 73% of
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the maximum value for a 3.6V cut-off). On the other hand, part of the energy stored within the

battery is no longer available for use, which reduces the time that the device can be operated
without having to then re-charge.

Other devices employ a capacitor to store additional charge from the battery. By
suitable switching the capacitor can then be used as an additional (temporary) power source to
supplement the voltage available from the battery. This supplementary power (voltage) from
the capacitor can thereby help to compensate for the reduced voltage available from the battery
in the latter stages of the discharge cycle.

Another approach is to use a pulse width modulation (PWM) scheme, in which the power
is supplied from the battery as a succession of rectangular pulses. If the duration (width) of
each pulse is P, and the pulse interval from the end of one pulse to the start of the next pulse is
[, then we can define the PWM duty cycle (D) as D=P/(P+l). The duty cycle goes to zero as the
pulse width P goes to zero, i.e. in this case the battery is effectively not supplying power.
Conversely, the duty cycle goes to unity as the pulse interval | goes to zero, i.e. in this case the
battery is effectively supplying continuous (unmodulated) power. If the voltage output from the
battery is V, where 3.6<V<4.2, then we can set the duty cycle D such that the effective voltage
output, DV, has a constant value, for example, 3.6V. In particular, if the current voltage output
from the battery is V=3.6, i.e. the battery is nearly depleted, the PWM is set such that D=1,
while if the current voltage output from the battery is V=4.2, i.e. the battery is fully charged, the
PWM is set such that D=0.857 (with intermediate values of D as appropriate for intermediate
values of the battery output voltage).

Note that a PWM scheme to control the output of voltage from the battery may be used
for more general control purposes (rather than specifically to compensate for variation in battery
voltage output). For example, the heater power output may be measured, such as by using
some form of thermometer, or by electrically monitoring the current and/or voltage supplied to
the heater. The PWM duty cycle may then be controlled to obtain a desired output temperature
from the heater. It will be appreciated that such a control system may accommodate variations
in battery voltage output along with other potential variations (such as external temperature,
type of liquid to be vaporised, etc). Furthermore, such a control system may use some other
mechanism (not PWM) to regulate the effective output voltage and power from the battery.

Existing schemes to accommodate variations in battery output voltage have certain
drawbacks. For example, they usually require additional components in the e-cigarette, which
adds to complexity and cost. Moreover, a PWM system (or similar) may constrain power based
on the lowest battery output voltage (v=3.6). In other words, at higher levels of available battery
output voltage (such as V=4.2), the available output voltage is reduced (by PWM or any other
suitable mechanism), which effectively chokes back the performance. Such an approach
therefore prevents a user from experiencing the operation of the device at full battery voltage.
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Summary

The disclosure is defined in the appended claims.

A control unit for an electronic vapour provision system includes a battery for providing
electrical power to a heater which is used to produce vapour. The battery is a lithium iron
phosphate battery. The battery provides an output voltage which remains at an approximately
constant voltage level as the battery is discharged.

An electronic vapour provision system is also provided which includes such a control

unit.

Brief Description of the Drawings

Various embodiments of the invention will now be described in detail by way of example
only with reference to the following drawings:

Figure 1 is a schematic (exploded) diagram of an e-cigarette in accordance with some
embodiments of the disclosure.

Figure 2 is a schematic diagram of the body of the e-cigarette of Figure 1 in accordance
with some embodiments of the disclosure.

Figure 3 is a schematic diagram of the cartomiser of the e-cigarette of Figure 1 in
accordance with some embodiments of the disclosure.

Figure 4 is a schematic diagram of certain electrical components of the e-cigarette of
Figure 1 in accordance with some embodiments of the disclosure.

Figures 5 and 6 are schematic graphs that compare certain operational properties of an
LFP battery (solid line) with those of a commonly used lithium ion battery (dashed line) in the
context of e-cigarettes.

Figures 7, 8 and 9 are graphs of experimental data showing voltage (top line) and
current (lower line) against used capacity during simulated use of an e-cigarette. For Figure 7,
the simulated use involves drawing repeated current pulses of 4A from the battery, for Figures 8
and 9 the simulated use involves drawing repeated current pulses of 5A from the battery. For
Figures 7 and 8, the battery is a lithium iron phosphate (LFP) battery in accordance with some
embodiments of the disclosure; for Figure 9, the battery is a lithium manganese battery. In all
cases, the battery has an AA form factor.

Detailed Description

As described above, the present disclosure relates to a battery-powered electronic
vapour provision system, such as an e-cigarette. Throughout the following description the term
“‘e-cigarette” is used; however, this term may be used interchangeably with electronic vapour

provision system. Such an electronic vapour provision system may be based, for example, on
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the vaporisation (by heating) of a liquid, where the liquid includes nicotine, and a user then
inhales the resulting vapour containing nicotine. Another possibility is that the electronic vapour
provision system includes material derived from tobacco plants. This tobacco material may be
provided in any suitable form (powder, paste, shredded leaf material, etc). The tobacco
material may be heated to produce volatiles for inhalation by a user. The skilled person will be
aware of various other forms of electronic vapour provision system which can utilise battery
power as described herein for heating a substance to produce vapour.

Figure 1 is a schematic (exploded) diagram of an e-cigarette 10 in accordance with
some embodiments of the invention (not to scale). The e-cigarette has a generally cylindrical
shape, extending along a longitudinal axis indicated by dashed line LA, and comprises two main
components, namely a body 20 and a cartomiser 30. The cartomiser includes an internal
chamber containing a reservoir of liquid, a vaporiser (such as a heater), and a mouthpiece 35.
The liquid in the reservoir typically includes nicotine in an appropriate solvent, and may include
further constituents, for example, to aid aerosol formation, and/or for additional flavouring. The
reservoir may include a foam matrix or any other structure for retaining the liquid until such time
that it is required to be delivered to the vaporiser. The cartomiser 30 may further include a wick
or similar facility to transport a small amount of liquid from the reservoir to a heating location on
or adjacent the heater. The control unit 20 includes a re-chargeable cell or battery to provide
power to the e-cigarette 10 and a circuit board for generally controlling the e-cigarette. When
the heater receives power from the battery, as controlled by the circuit board, the heater
vaporises the liquid from the wick and this vapour is then inhaled by a user through the
mouthpiece.

The control unit 20 and cartomiser 30 are detachable from one another by separating in
a direction parallel to the longitudinal axis (LA) of the e-cigarette, as shown in Figure 1, but are
joined together when the device 10 is in use by a connection, indicated schematically in Figure
1 as 25A and 25B, such as a bayonet or screw fitting. This connection provides mechanical
and electrical connectivity between the body 20 and the cartomiser 30. The electrical connector
on the body 20 that is used to connect to the cartomiser may also serve as a socket for
connecting a charging device (not shown) when the body is detached from the cartomiser 30.
The other end of the charging device can be plugged into a USB socket to re-charge the battery
in the control unit of the e-cigarette. In other implementations, a cable may be provided for
direct connection between the electrical connector on the body and a USB socket. In other
implementations, the re-charging of the battery in the control unit may be performed via the tip
end 225 of the e-cigarette 10, i.e. the end opposite to the mouthpiece 35.

The control unit is provided with one or more holes (not shown in Figure 1) for air inlet.
These holes connect to an air passage through the control unit to an air passage provided
through the connector 25. This then links to an air path through the cartomiser 30 to the
mouthpiece 35. When a user inhales through the mouthpiece 35, air is drawn into the control
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unit through the one or more air inlet holes, which are suitably located on the outside of the e-

cigarette. This airflow (or the resulting change in pressure) is detected by a pressure sensor
that in turn activates the heater to vaporise the liquid from the reservoir (via the wick). The
airflow passes from the control unit, through the vaporiser, where it combines with the vapour,
and this combination of airflow and (nicotine) vapour then passes through the cartomiser and
out of the mouthpiece 35 to be inhaled by a user. The cartomiser 30 may be detached from the
body 20 and disposed of when the supply of liquid is exhausted and replaced with another
cartomiser, if so desired. (The cartomiser 30 may therefore sometimes be referred to as a
disposable component, and the control unit 20 as a re-usable component).

It will be appreciated that the e-cigarette 10 shown in Figure 1 is presented by way of
example, and various other implementations can be adopted. For example, in some
embodiments, the cartomiser 30 is provided as two separable components, namely a cartridge
comprising the nicotine reservoir and mouthpiece (which can be replaced when the liquid from
the reservoir is exhausted), and a vaporiser comprising a heater (which is generally retained).
As another example, the charging facility may connect to an additional or alternative power
source, such as a car cigarette lighter.

Figure 2 is a schematic (simplified) diagram of the control unit 20 of the e-cigarette of
Figure 1 in accordance with some embodiments. Figure 2 can generally be regarded as a
cross-section in a plane through the longitudinal axis LA of the e-cigarette. Note that certain
components and details of the body, e.g. wiring and more complex shaping, have been omitted
from Figure 2 for reasons of clarity.

As shown in Figure 2, the control unit 20 includes a battery 210 for powering the e-
cigarette 10, as well as a printed circuit board (PCB) 202 on which is mounted a chip, such as
an application specific integrated circuit (ASIC) or microcontroller, for controlling the e-cigarette
10. The PCB 202 may be positioned alongside or at one end of the battery 210. In the
configuration shown in Figure 2, the PCB is located between the battery 210 and the connector
25B. The control unit also includes a sensor unit 215 to detect an inhalation on mouthpiece 35.
In the configuration shown in Figure 2, the sensor unit 215 is located between the battery 210
and the tip end 225, but in other implementations, it may be located on or adjacent to PCB 202
(which may be positioned as shown in Figure 2, or in some other location). In response to such
a detection of inhalation, the sensor unit 215 notifies the chip on the PCB 202, which in turn
initiates the flow of power from the battery 210 to a heater in the cartomiser.

The tip end 225 of the control unit 20 includes a cap to seal and protect the far (distal)
end of the e-cigarette. There is an air inlet hole provided in or adjacent to the cap to allow air to
enter the body and flow past the sensor unit 215 when a user inhales on the mouthpiece 35.
This airflow therefore allows the sensor unit 215 to detect the user inhalation. In some
implementations, the tip end 225 may be provided with a light, such as a light emitting diode
(LED) that is illuminated by the chip in response to the detection of inhalation by the sensor unit
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225. The tip end 225 may also (or alternatively) be provided with an electrical contact (not
shown in Figure 2) to provide an additional connection for re-charging battery 210.

At the opposite end of the body 20 from the tip end 225 is the connector 25B for joining
the control unit 20 to the cartomiser 30. As noted above, the connector 25B provides
mechanical and electrical connectivity between the control unit 20 and the cartomiser 30. As
shown in Figure 2, the connector 25B includes a body connector 240, which is metallic (silver-
plated in some embodiments) to serve as one terminal for electrical connection (positive or
negative) to the cartomiser 30. The connector 25B further includes an electrical contact 250 to
provide a second terminal for electrical connection to the cartomiser 30 of opposite polarity to
the first terminal, namely body connector 240. The connector 240 generally has an annular ring
shape, while contact 250 is located in the centre of this ring (when seen in a plane which is
perpendicular to the longitudinal axis, LA, of the e-cigarette 10).

The electrical contact 250 is mounted on a coil spring 255. When the control unit 20 is
attached to the cartomiser 30, the connector 25A on the cartomiser pushes against the
electrical contact 250 in such a manner as to compress the coil spring in an axial direction, i.e.
in a direction parallel to (co-aligned with) the longitudinal axis LA. In view of the resilient nature
of the spring 255, this compression biases the spring 255 to expand, which has the effect of
pushing the electrical contact 250 firmly against connector 25A, thereby helping to ensure good
electrical connectivity between the control unit 20 and the cartomiser 30. The body connector
240 and the electrical contact 250 are separated by a trestle 260, which is made of a non-
conductor (such as plastic) to provide good insulation between the two electrical terminals. The
trestle 260 is shaped to assist with the mutual mechanical engagement of connectors 25A and
25B.

Figure 3 is a schematic diagram of the cartomiser 30 of the e-cigarette of Figure 1 in
accordance with some embodiments of the invention. Figure 3 can generally be regarded as a
cross-section in a plane which includes the longitudinal axis LA of the e-cigarette. Note that
various components and details of the control unit, e.g. wiring and more complex shaping, have
again been omitted from Figure 3 for reasons of clarity.

The cartomiser 30 includes an air passage 355 extending along the central (longitudinal)
axis of the cartomiser 30 from the mouthpiece 35 to the connector 25A for joining the cartomiser
to the control unit 20. A reservoir of liquid 360 (typically including nicotine in a solvent) is
provided around the air passage 335. This reservoir 360 may be implemented, for example, by
providing cotton or foam soaked in the liquid. The cartomiser also includes a heater 365 for
heating the liquid from reservoir 360 to generate (nicotine-containing) vapour to flow through air
passage 355 and out through mouthpiece 35 in response to a user inhaling on the e-cigarette
10. The heater is powered through lines 366 and 367, which are in turn connected to opposing
polarities (positive and negative, or vice versa) of the battery 210 via connector 25A. (As noted
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above, the details of the wiring between the power lines 366 and 367 and connector 25A are
omitted from Figure 3).

The connector 25A includes an inner electrode 375, which may be silver-plated or made
of some other suitable metal. When the cartomiser 30 is connected to the control unit 20, the
inner electrode 375 contacts the electrical contact 250 of the control unit 20 to provide a first
electrical path between the cartomiser and the control unit. In particular, as the connectors 25A
and 25B are engaged, the inner electrode 375 pushes against the electrical contact 250 so as
to compress the coil spring 255, thereby helping to ensure good electrical contact between the
inner electrode 375 and the electrical contact 250.

The inner electrode 375 is surrounded by an insulating ring 372, which may be made of
plastic, rubber, silicone, or any other suitable material. The insulating ring is surrounded by the
cartomiser connector 370, which may be silver-plated or made of some other suitable metal or
conducting material. When the cartomiser 30 is connected to the control unit 20, the cartomiser
connector 370 contacts the body connector 240 of the control unit 20 to provide a second
electrical path between the cartomiser and the control unit. In other words, the inner electrode
375 and the cartomiser connector 370 serve as positive and negative terminals (or vice versa)
for supplying power from the battery 210 in the control unit to the heater 365 in the cartomiser
via supply lines 366 and 367 as appropriate.

The cartomiser connector 370 is provided with two lugs or tabs 380A, 380B, which
extend in opposite directions away from the longitudinal axis of the e-cigarette. These tabs are
used to provide a bayonet fitting in conjunction with the body connector 240 for connecting the
cartomiser 30 to the control unit 20. This bayonet fitting provides a secure and robust
connection between the cartomiser 30 and the control unit 20, so that the cartomiser and control
unit are held in a fixed position relative to one another, without wobble or flexing, and the
likelihood of any accidental disconnection is very small. At the same time, the bayonet fitting
provides simple and rapid connection and disconnection by an insertion followed by a rotation
for connection, and a rotation (in the reverse direction) followed by withdrawal for disconnection.
It will be appreciated that other embodiments may use a different form of connection between
the control unit 20 and the cartomiser 30, such as a snap fit or a screw connection.

Figure 4 is a schematic diagram of certain electrical (including electronic) components of
the e-cigarette of Figure 1 in accordance with some embodiments of the disclosure. These
components are generally located in the control unit 20, since this is a re-usable (rather than
disposable) portion. However, in some embodiments at least, some of the electrical
components may be located in the cartomiser 30.

As shown in Figure 4, the control unit 20 includes an electrical (and mechanical)
connector 25B (as discussed above), a power switch 212, a battery 210, a processor or
(micro)controller 555, a communications interface 217, a speaker 558, and a sensor unit 215.
The controller 555 is located on PCB 202, which may also be used for mounting other
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components as appropriate, e.g. sensor unit 215, power switch 212, and/or communications
interface 217, depending upon the particular internal configuration of the control unit 202.
Alternatively, these components may be located on one or more other PCBs (or other forms of
mounting).

Figure 4 illustrates some, but not necessarily all, of the electrical connections between
the different components. For example, the sensor unit 215 may receive power from the battery
210 via its connection to the controller 555, or alternatively there may be a separate power
connection from the battery 210 direct to the sensor unit 215 (not shown).

The sensor unit 215 is located in or adjacent to the air path through the control unit 20
from the air inlet to the air outlet (to the vaporiser). The sensor unit includes a pressure sensor
562 and a temperature sensor 563 (also in or adjacent to this air path). Note that in some
embodiments, there may be additional sensors (not shown in Figure 4); also, the pressure
sensor 562 and temperature sensor 563 may be provided as different devices (rather than
being combined into a single sensor unit). The pressure sensor 562 may detect airflow by
looking for a pressure drop caused by inhalation on the mouthpiece 35 (or alternatively the
pressure sensor 562 may detect an inhalation by directly measuring airflow, analogous to an
anemometer measuring wind).

The controller 555 includes a processor such as a CPU and memory (ROM and RAM).
The operations of the controller 555 and other electronic components, such as the pressure
sensor 562, are generally controlled at least in part by software programs running on the
processor (or on the other electronic components as appropriate). Such software programs
may be stored in a non-volatile memory, such as ROM, which can be integrated into the
controller 555 itself, or provided as a separate component (e.g. on PCB 202). The processor
may access the ROM to load and execute individual software programs as and when required.
The controller 555 also contains suitable interfaces (and control software) for interacting with
the other devices, such as with the sensor unit 215.

The controller 555 utilises the speaker 58 as an output device for producing audio
signals to indicate conditions or states within the e-cigarette, such as a low battery warning.
Different signals for signalling different states or conditions may be provided by utilising tones or
beeps of different pitch and/or duration, and/or by providing multiple such beeps or tones.
Other forms of output device may be provided as well as or instead of the speaker 58. For
example, as mentioned above the tip end 225 may be provided with a light emitting diode (LED)
which may be used for signalling and/or ornamentation. There may also (or alternatively) be a
light output at one or more other locations on the e-cigarette 10.

The communications interface 217 may be a wired or wireless connection to allow the e-
cigarette 10 to communicate with an external device. For example, the communications
interface 217 may support one or more of Bluetooth, Wi-Fi (the IEEE 802.11 family), and/or

near field communications (NFC) for establishing wireless communications. Alternatively, or
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additionally, the communications link may support wired communications, potentially via
connector 25B and/or some other communications facility. The communications interface may
be used, inter alia, to allow an external device to provide and update control settings on the e-
cigarette 10, and/or to retrieve status and usage information from the e-cigarette.

As noted above, the e-cigarette 10 provides an air path from the air inlet through the e-
cigarette 10, past the pressure sensor 562 and the heater 365 (in the vaporiser), to the
mouthpiece 35. Thus when a user inhales on the mouthpiece of the e-cigarette, the controller
555 detects such inhalation based on information from the pressure sensor. In response to
such a detection, the CPU supplies power from the battery or cell 210 to the heater 365, which
thereby heats and vaporises the liquid from the wick for inhalation by the user.

The battery 210 is linked to the heater 365 via a power switch 212 and connector 25B
(plus connector 25A on the cartomiser 30). The power switch 212 supports the flow (and
switching on/off) of the relatively large current supplied from the battery 210 in order to power
the heater 365 — this is typically of the order of 1 amp or more. The power switch 212 is
controlled by the controller 555. For example, the controller 555 may close the power switch
212 in response to the pressure sensor 562 sensing an airflow through the e-cigarette 10,
thereby allowing power to flow from the battery to the heater. Conversely, the controller 555
may open the power switch 212 in response to the pressure sensor 562 sensing that the airflow
through the e-cigarette 10 has now ended, thereby terminating the power flow from the battery
to the heater. In addition, the controller 555 may use switch 212 to implement a PWM scheme,
as described above, to regulate the amount of power supplied from the battery 210 to the heater
365 during an inhalation.

It will be appreciated that the electrical configuration shown in Figure 4 is provided by
way of example only, and the skilled person will be aware of many potential variations. For
example, some e-cigarettes 10 may not have a communications interface 217, while in other
embodiments, the communications interface 217 may be combined, at least in part, with the
controller 555. Similarly, some of the functionality of the controller 555 may be distributed
across one or more other devices. For example, there may be a PCB provided in combination
with battery 210 to control re-charging of the battery, such as to detect and thereby prevent
voltage or current overload and/or overly long charging, and likewise to control discharging of
the battery, e.g. so that the battery does not get excessively discharged to the point of damage.
Such battery control functions may also be integrated into the processor or controller 555 (or
into some other device).

The battery 210 is a lithium iron phosphate (LFP) battery which uses lithium
ferrophosphate, LiFePO,, for the cathode. LFP batteries have certain advantages and
disadvantages compared with other available batteries, such as other types of lithium ion
batteries, including the commonly used cobalt cathode battery, or variants thereof (e.g. having a
solid rather than liquid electrolyte, or using a silicon anode rather than a graphite anode).
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However, it has been found that the properties of LFP batteries are particularly well-suited for
use in an e-cigarette, based (primarily) on the following factors:

*non-toxicity. This is important for a product which is used (albeit not consumed) orally, for
example, if the product has been inadvertently damaged. The lack of toxicity also gives
improved environment properties (compared to cobalt as used in most common lithium ion
batteries), especially since e-cigarettes are a relatively high-volume, low cost product, and may
not always be disposed of in an approved manner - e.g. if the product is accidentally dropped or
otherwise lost while outside.

*thermal, electro-chemical, and structural stability. The thermal stability is important for a
product which is used in (and hence exposed to) a wide range of weathers and temperature
conditions. Also the good electro-chemical and mechanical stability reduces the risk of fire, etc,
which has been a problem for most common lithium ion batteries, as reported, for example, on 4
February 2014 in “Batteries on planes pose ‘increased fire risk™

(infwewe bho oo ulnews/business-25733348).

*constant discharge voltage. As noted above, most common lithium ion batteries tend to have
an output voltage that decreases steadily over the discharge cycle from about 4.2V down to
about 3.6V. This can lead to an inconsistent user experience in terms of supplied vapour
(dependent on the current voltage level), or else require an e-cigarette to incorporate
appropriate electronics to compensate for this decrease in output voltage, which leads to
additional expense and complexity (in what is a relatively high-volume, low cost product).

*high peak current/power. LFP batteries can support a higher peak current (and hence higher
peak power) than most common lithium ion batteries. This is attractive for e-cigarettes,
because it allows the heater to power up more quickly to the correct operating temperature for
vaporisation in response to the detection of a user inhalation, and hence makes the e-cigarette
more user-responsive.

*a slower rate of capacity loss (self-discharge) when the battery is not in use. This gives
improved shelf (calendar) life if a product is to be supplied ready-charged (which is the case for
many e-cigarettes in order to allow for rapid use after purchase by a consumer).

*a large number of re-charge cycles are possible — e.g. up to or over 2000. This gives several
years of use even if re-charging occurs on a daily basis (see below).

LFP batteries do have a lower energy density than most common lithium ion batteries.
However, whereas most common lithium ion batteries are utilised in electronic devices that may
be subject to continuous and intensive use (such as smartphones), so that battery lifetime is
especially significant in such devices, e-cigarettes tend to have a different usage profile. In
particular, there is an interval between successive activations (puffs) of an e-cigarette, and
indeed some e-cigarettes may provide protection against over-use, e.g. by monitoring and
regulating for a maximum number of puffs in a given time period (after which the processor may

prevent further activation until the time period has expired). Accordingly, the lower energy
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density of LFP batteries (compared with most common lithium ion batteries) is more acceptable
for e-cigarettes than for most other electronic devices.

Nevertheless, LFP batteries do have sufficient energy density to support reasonable use
of an e-cigarette. For example, an AA-sized LFP battery may have a rated capacity of 250-600
mA hours, whereas a corresponding commonly-used lithium ion battery may have a rated
capacity of 600-750 mA hours or more (and operate at a higher voltage), depending on factors
such as discharge current. Of course, some e-cigarettes may be too small for an AA-sized
battery, and accordingly their battery capacity would have to be reduced accordingly.
Nevertheless, given that a typical puff of a regular e-cigarette uses of the order of 1-4 mA hours
(depending on the particular nature of the device and the amount of liquid to be vaporised), a
reasonably-sized LFP battery is capable of providing at least 100 puffs (and potentially many
more) before discharging. Therefore, if we assume that the e-cigarette is re-charged on a daily
basis, this number of puffs per battery charge cycle is sufficient for most consumers.

Figures 5 and 6 are graphs that compare certain operational properties of an LFP
battery (solid line) with those of a commonly-used lithium ion battery (dashed line) in the context
of e-cigarettes. (Please note that these graphs are highly schematic and simplified for ease of
understanding; some more accurate graphs are presented below). Figure 5 illustrates in
schematic form how the voltage output of the battery 210 varies with time, typically over a
timescale of many hours or days during the discharge cycle (from fully charged to discharged).
As discussed above, as a commonly-used lithium ion battery discharges, the output voltage
steadily declines from about 4.2V down to about 3.6V (or below). This decline in output voltage
may result in a noticeable change (drop) in performance, such as the amount of nicotine vapour
produced per puff, over the discharge cycle of the battery (unless some additional
compensatory methods are employed to counter this decline). In contrast, the output voltage of
an LFP battery is much more constant at around 3.2V, thereby providing a user with a more
consistent and reliable experience, while avoiding the need for any additional compensation of
the declining voltage. (Note that the voltage levels shown in Figures 5 and 6 are for an open
circuit condition; the voltage under load will be somewhat lower — e.g. approximately by about
0.5V, so 2.7V for the LFP battery compared with 3.2V for an open circuit).

Figure 5 also shows two cut-off lines, marked as C1 and C2. The processor 555 (or
some other facility within the control unit 20), monitors the voltage output from the battery 210.
When the voltage output falls below the specified cut-off level, C1 or C2 (for a commonly-used
lithium ion battery or an LFP battery respectively), the processor 555 prevents further operation
of the e-cigarette, and more specifically of heater 365. This cut-off, which can be regarded as
the end of the discharge cycle, therefore protects the battery 210 from excessive discharge
(which may cause damage to a re-chargeable battery), as well as ensuring that the user does
not receive a compromised experience from the e-cigarette due to the device operating at an
unsuitably low voltage. Note that as discussed above, the controller 555 may provide some
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user indication of the battery status (exhausted, or near exhausted) via speaker 558 (and/or via
any other available indicator).

Figure 6 illustrates in schematic form how the power output of the battery 210 may vary
over a timescale of a single puff, i.e. just a few seconds (this can be regarded as a form of puff
profile). The graph compares the operation (in terms of current output) of a commonly-used
lithium ion battery (dashed line) against the corresponding performance of an LFP battery (solid
line) for an e-cigarette 10.

We assume in Figure 6 that an inhalation is initiated and detected by a suitable sensor
at time=T0. At this point, the controller 555 enables the maximum available power from the
battery 210 to be supplied to the heater 365. The maximum available power from an LFP
battery is shown as P1 in Figure 6, while the maximum available power from a commonly-used
lithium ion battery is lower, shown as P2 (where P1>P2). For example, the maximum power
output P1 for the LFP battery may reflect a current of at least 2.5A, or at least 5A, potentially up
to a maximum of several amps (e.g. 6, 8 or 10 amps).

At time T1 the heater reaches its preferred operating temperature (for the e-cigarette
having an LFP battery), and the power now falls to a lower level P3, which is set so as to
maintain the heater at the preferred operating temperature. Similarly, for an e-cigarette having
a commonly-used lithium ion battery, the heater reaches its preferred operating temperature at
time T2, and the power again falls to level P3 so as to maintain the heater at the preferred
operating temperature.

Since the maximum power output P1 of the LFP battery is greater than the maximum
power output P2 of a commonly-used lithium ion battery, the time T1 taken for an e-cigarette
using the former to reach the preferred operating temperature is less than the time T2 taken for
an e-cigarette using the latter to reach the preferred operating temperature. Accordingly, an e-
cigarette having an LFP battery can provide better responsiveness to a user inhalation than an
e-cigarette having a commonly-used lithium ion battery.

Note that different types of electrical product present different types of load to a battery
regarding timing and amount of current draw. For example, a bicycle lamp will tend to have a
prolonged draw (many minutes) at low to moderate current, whereas an e-cigarette generally
utilises short pulses of high current for inhalation, with a low level of current draw between the
pulses. These differing load characteristics may have an effect on overall battery behaviour.

Figure 7 is a graph showing experimental results from tests on an LFP battery to
simulate behaviour in an e-cigarette. The LFP battery under test had dimensions (form factor)
corresponding to a standard AA battery. A succession of current pulses was drawn from the
battery, each pulse having a current of approximately 4A and a duration of 3 seconds to
simulate an inhalation and the power supplied to operate the heater 365. This represents a
total of approximately 3.3mA hours for each inhalation. The interval between the inhalations
was 10 seconds (shorter than in real usage, but allowing the experiment to be completed more
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quickly — and still allowing time for the heater to cool between inhalations). The current taken
during these intervals was 0.005A, for example to power controller 555. The total number of 4A
current pulses until the battery fully discharged was 106, for a total operating time (including
both pulses and pulse intervals) of approximately 1378 seconds (just under 23 minutes). The
overall measured capacity of the battery was 0.365 A hours.

The graph of Figure 7 plots the output voltage and output current from the LFP battery
as measured against total capacity (energy, in Amp-hours) drawn so far from the battery. The
x-axis (capacity) therefore also provides an indication of time, except that the intervals between
pulses are heavily compressed along the x-axis (compared with their actual duration) because
very little energy (capacity) was drawn during these intervals. The top plotted line in the graph
of Figure 7 represents output voltage (as per the scale to the left of the graph in volts), while the
lower plotted line in Figure 7 represents output current (as per the scale to the right of the graph
in amps). The lower line clearly shows the individual current pulses, each of 4 amps. The top
line clearly shows the drop in voltage which results from putting a load across the battery. In
particular, for each current pulse, the battery voltage drops from the open circuit value (or very
near open circuit value, given the 0.005A current during the intervals between pulses) down by
approximately 0.3-0.5 volts to the loaded value, when the 4A current is being drawn.

Three horizontal lines, denoted H1, H2 and H3, have been superimposed on the plot of
Figure 7. The line H1 indicates the initial level of the minimum battery voltage under load; in
fact, this minimum battery voltage remains approximately constant for the first half of the battery
discharge lifetime (at least). The lines H2 and H3 are 0.16V and 0.32V respectively below line
H1 — representing a decrease compared with line H1 of approximately 5.6% and 11.2%
respectively (or slightly under 5% and 10% respectively of the open circuit voltage). In addition,
the vertical line V1 indicates where the minimum voltage output from the battery (under load) is
found to fall below the line H2. This only occurs once an energy of about 0.317 A hours has
already been drawn from the battery, which represents about 87% of the overall capacity. In
other words, Figure 7 shows that the battery voltage under load for the LFP battery is constant
within a range of £3% for 85% of the discharge lifetime.

Table 1 is derived from the same underlying data set as Figure 7, but is represented in
tabular form. In particular, the main portion of Table 1 (i.e. all but the two columns to the far
right, enclosed in the high-lighted box), represent the average voltage measurement under load
for each successive current pulse. Thus the first row of Figure 7 represents the voltage output
under load for current pulses 1-10, the second row of Figure 7 represents the voltage output
under load for current pulses 11-20, and so on. The voltage was sampled at a rate of 1Hz, so
three voltage measurements were obtained for each current pulse (of 3 seconds), and then
averaged together to provide the figures in Table 1. (Note also that a couple of boxes in Table
1 are left blank where the data did not record properly). It will be appreciated that the voltage
under load figures of Table 1 provide a good representation of the user experience of an e-
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cigarette incorporating such an LFP battery, in that the voltage under load figures reflect actual
operation (inhalation) by the user (whereas the open circuit voltage figures represent intervals

between user operation).

290 |288 |287 |287 |287 |287 |(287 |287 |287 |[2.88 288 0.03

289 |287 |289 [2.89 |289 |289 - 289 289 |289 J289 0.05

289 |289 |289 (289 |289 |289 (288 |289 (289 [(2.89 1289 0.04

2.88 |288 |288 |(2.88 |288 |2.88 |2.88 |288 |2.88 |287 288 0.02

287 |289 |289 [289 |289 (288 |288 |288 (288 |287 288 0.05

289 |290 |289 [289 |289 |289 (288 |288 (288 [2.88 289 0.04

2.88 |287 |287 |286 |286 |286 [2.85 |285 (285 [2.87 286 0.04

286 |287 |286 |[286 |285 |2.85 |285 |284 - 282 1285 0.08

282 |282 |281 |[280 |279 |278 |(277 |277 |276 |[2.75 J2.79 0.09

274 |274 273 |272 |271 |270 |268 |267 |273 |273 272 0.12

271 |270 |269 |2.68 |266 |2.62 268 0.24

Table 1

For the first half of the data (samples 1-53), the voltage output remains in the range
2.90-2.87V. This is a range of only just over 1%, and hence provides in effect a very constant
output level. (The variations with this first half of the data may just reflect noise in the system,
minor measurement variations, etc.). After 85% of the charge lifetime (samples 1-90), the
average voltage under load has decreased by 0.15V from 2.90V to 2.75V. It will be appreciated
that this is again a much smaller decline than would generally be seen for a more commonly
used lithium battery.

Table 1 also shows that there is a further voltage drop of 0.13V as the remaining
capacity is taken from the battery. Again, this is a much smaller decline than would generally
be seen for a more commonly used lithium battery. In addition, a user is typically less likely to
experience this voltage drop after 85% of the battery capacity has been used, because in many
cases the e-cigarette will already provide some indication (e.g. a warning light) that the battery
charge is at a relatively low level (15% or less), and therefore the user will re-charge the e-
cigarette at this point (if not before). Moreover, a user is likely to accept that the low remaining
battery charge may result in a slight decrease in performance, and indeed may take this as
confirmation that the battery should now be re-charged.

In some cases, the battery voltage may be a little higher just at the start of operation, for
the first couple of current pulses (inhalations) or so after the start of discharging from a fully
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charged state. There is a hint of this in Figure 7, i.e. a very slight upturn at zero used capacity
at the far left of the plot. Accordingly, it may be appropriate in some circumstances to discard
the first one or two inhalations when assessing the initial voltage level. On the other hand, for
the LFP battery that was tested, Table 1 shows that this effect is not really evident, or only
marginally so, for the measured voltage under load of even the first current pulse.

The right-hand portion of Table 1 (shown in the highlighted outline) contains two
columns. The first (left) one of these columns just provides the average voltage measurement
for that row of the Table. This column gives a clear indication of the output voltage being
approximately constant for the first half of the charge lifetime, and then a decrease setting in
over the second half of the charge lifetime.

The second (right) one of the columns in Table 1 (the rightmost column in the overall
table) represents the average decline in voltage within each pulse for the pulse samples in that
row. Thus as mentioned above, three voltage measurements were obtained for each pulse,
and in all cases there is a (small) decline in voltage output from the first measurement through
to the third measurement. This decline was calculated for each pulse on an individual basis,
and then averaged across the pulse samples for each row. This rightmost column shows that
towards the end of the charge lifetime, not only does the average battery output fall, but also the
rate of decline within an individual pulse also increases. However, this additional decline is of
relatively lesser importance if the desired power profile over an individual inhalation broadly
follows the shape shown in Figure 6 —i.e. a higher initial power output is important to first heat
the heater, after which a reduced power output is generally acceptable.

Figure 8 is a plot generally similar to that of Figure 7, and using the same battery,
however, this time the current pulses are at 5A rather than 4A. This is a relatively high level of
current output, such as might be desired for the initial heating phase shown in Figure 6 (and
also helps to compensate for the lower voltage of an LFP battery compared to more commonly
used batteries). As would be expected, the higher current level reduces the overall number of
pulses that can be achieved over the charge lifetime (i.e. until the battery has been discharged),
from 106 in Figure 7, down to 86 for Figure 8. Apart from this however, it can be seen that the
LFP battery again produces a consistent and predictable voltage output which is effectively
constant for a first half of the discharge cycle, and even then only undergoes a relatively mild
decline in voltage during the second half of the discharge cycle. This is confirmed by a review
of lines V1, H1, H2 and H3, which are provided on the same basis as for Figure 7. Note that
line V1, indicating a drop in voltage output under load of 0.16V, occurs once 0.321 A hours of
capacity have been consumed from the battery, similar to the situation in Figure 7 (where line
V1 was positioned at a capacity of 0.317 A hours).

Figure 9 is a plot generally similar to that of Figure 8, again using 5A current pulses and
showing a plot of voltage (top line) and current (lower line) against used capacity (in A hours).
The battery tested in Figure 9 is a lithium manganese cathode cell, rather than an LFP cell. The
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form factor of the lithium manganese battery is AA (the same as that of the LFP battery for

Figures 7 and 8).

As shown in Figure 9, the lithium manganese battery does have an advantage of higher
capacity than the LFP cell of Figures 7 and 8. In particular, the lithium manganese battery is
found to have a capacity of 0.595 A hours, which supported 184 current pulses at 5A. However,
the profile of voltage variation with capacity for the lithium manganese battery is significantly
poorer than the corresponding profile for an LFP battery as shown in Figures 7 and 8. This can
be seen by looking at lines V1, H1, H2 and H3 which have again been superimposed on the
plot, with H1 representing the voltage level under load at zero used capacity.

The spacing of lines H1, H2 and H3 has been increased to 0.21V (compared with 0.16V
in Figures 7 and 8 - to reflect the greater initial voltage for the lithium manganese battery
compared with the LFP battery, e.g. about 4.2V open circuit compared with 3.4V open circuit).
However, even with this greater spacing, we see from the positioning of line V1 that the voltage
under load crosses line H2 (hence a 0.21V drop from zero used capacity) at a used capacity of
just 0.085 A hours. This represents just 14% of the overall capacity of the lithium manganese
battery. Indeed, in Figure 8 the LFP battery crossed the line H2 at a capacity of 0.32 A hours,
so even though the LFP battery has a lower total capacity than the lithium manganese battery, it
can supply a much greater capacity (both in relative and also absolute terms) at an
approximately constant voltage. Furthermore, the LFP battery exhibits a very consistent voltage
output level until a capacity of about 0.2 A hours has been used, and only then starts to decline
towards line H2. In contrast, in Figure 9, it is clear that the output voltage under load of the
lithium manganese battery starts to drop even after the very first few current pulses.

In addition, not only does the output voltage of the lithium manganese battery start to
decline at a very low used capacity, but this decline continues through the lifetime of the battery
charge, so that the overall voltage drop of the lithium manganese battery during a discharge
cycle is much greater than for an LFP battery. For example, in Figure 8, the voltage output
under load only reaches line H3 (0.32V below the initial voltage level) once the battery is fully
discharged (used capacity about 0.36 A hours). In contrast, for Figure 9, the voltage output
under load reaches line H3 (0.42 V below initial voltage level) at a lower used capacity of about
0.24 A hours, and continues to drop by at least the same amount again before the lithium
manganese battery is fully discharged.

The plots of Figures 7, 8 and 9 confirm that an e-cigarette having an LFP battery as
disclosed herein is able to provide more consistent and predictable performance, especially in
terms of the voltage supply for heater operation at each inhalation, but without involving more
costly or complex electronics. Such a battery may be utilised in a wide range of electronic
vapour provision systems, for example, for vaporising nicotine-containing liquids or for

producing volatiles from tobacco-derived plant material (or derivatives thereof).
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In order to address various issues and advance the art, this disclosure shows by way of

illustration various embodiments in which the claimed invention(s) may be practiced. The
advantages and features of the disclosure are of a representative sample of embodiments only,
and are not exhaustive and/or exclusive. They are presented only to assist in understanding
and to teach the claimed invention(s). It is to be understood that advantages, embodiments,
examples, functions, features, structures, and/or other aspects of the disclosure are not to be
considered limitations on the disclosure as defined by the claims or limitations on equivalents to
the claims, and that other embodiments may be utilised and modifications may be made without
departing from the scope of the claims. Various embodiments may suitably comprise, consist of,
or consist essentially of, various combinations of the disclosed elements, components, features,
parts, steps, means, etc other than those specifically described herein. The disclosure may
include other inventions not presently claimed, but which may be claimed in future.
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CLAIMS

1. A control unit for an electronic vapour provision system, the control unit including
a battery for providing electrical power to a heater which is used to produce vapour,
wherein said battery is a lithium iron phosphate battery having a lithium ferrophosphate
cathode, and wherein the output voltage of the battery when 80% discharged by
successive puffs of the electronic vapour provision system is no more than 0.25V below
the output voltage of the battery when fully charged, said battery having a rated capacity
in the range 250-600 mA hours to support at least 100 puffs of the electronic vapour

provision system, each puff drawing a current of at least 2.5A from the battery.

2. The control unit of claim 1, wherein the control unit further includes a sensor to
detect a user inhalation, and a controller which is configured to initiate the provision of
electrical power from the battery to the heater in response to such a detection.

3. The control unit of claim 2, wherein in response to such a detection, the controller
is configured to provide a first phase and then a second phase of electrical power from
the battery to the heater, wherein the first phase has a higher level of electrical current

than the second phase.

4. The control unit of claim 3, wherein the first phase of electrical power has a

current level of equal to or greater than 3 amps.

5. The control unit of claim 4, wherein the first phase of electrical power has a

current level of equal to or greater than 5 amps.

6. The control unit of any one of claims 1 to 5, wherein the output voltage of the
battery when half discharged is no more than 0.1V below the output voltage of the
battery when fully charged.

7. The control unit of claim 6, wherein the output voltage of the battery when half
discharged is no more than 0.05V below the output voltage of the battery when fully
charged.
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8. The control unit of any one of claims 1 to 7, wherein the output voltage of the
battery when half discharged is no more than 3% below the output voltage of the battery

when fully charged.

9. The control unit of claim 8, wherein the output voltage of the battery when half
discharged is no more than 1.5% below the output voltage of the battery when fully
charged.

10. The control unit of any of claims 1 to 9, wherein the output voltage of the battery
when 80% discharged is no more than 0.16V below the output voltage of the battery
when fully charged.

11. The control unit of any one of claims 1 to 10, wherein the output voltage of the
battery when 80% discharged is no more than 6% below the output voltage of the
battery when fully charged.

12. The control unit of any one of claims 1 to 11, wherein the output voltage of the
battery is measured under load when providing electrical power to the heater to produce

vapour.

13. The control unit of claim 12, wherein said output voltage of the battery is in the
range 2.6-3V measured under load.

14, The control unit of claim 13, wherein said output voltage of the battery is
approximately 2.8V measured under load.

15. The control unit of any one of claims 1 to 11, wherein the output voltage of the
battery is in the range 3-3.4V for an open circuit.

16. The control unit of claim 15, wherein said output voltage is approximately 3.2V

for an open circuit.
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17. The control unit of any one of claims 1 to 16, wherein electrical power is supplied
from the battery to the heater without compensation for variation in output voltage of the

battery over a discharge cycle.

18. An electronic vapour provision system including the control unit of any one of

claims 1 to 17 and said heater.

19. The electronic vapour provision system of claim 18, wherein the heater is located

in a cartomiser which is connected to the control unit.

20. The electronic vapour provision system of claim 18, wherein the heater and the

control unit are integrated into a single device.
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