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PORTABLE ELECTRONIC SYSTEM INCLUDING CHARGING DEVICE AND METHOD OF

CHARGING A SECONDARY BATTERY

The present invention relates to a portable electronic system including a charger and a

secondary device, and to methods for charging and operation of the secondary device. The

invention may be applied to portable electronic smoking systems.

Electrically operated smoking systems of the prior art typically include a housing for receiving

a smoking article, heating elements to generate an aerosol, a power source and electronic

circuitry to control operation of the system.

Portable electronic smoking devices need to be small and convenient for the user if they are

to be widely adopted by smokers of conventional cigarettes. This leads to several technical

requirements for the power source of a portable electronic smoking device. The power source,

typically a battery, must be small enough to fit within a smoking device of similar size to a

conventional cigarette and must deliver sufficient power to generate an aerosol from a smoking

article. The idea of using a rechargeable battery has been suggested in the prior art, but in any

commercially viable system the rechargeable battery must be able to deliver enough power for at

least one smoking session, must be able to be quickly, safely and conveniently recharged to a

level at which it can be reused for another smoking session, and must be operable for thousands

of charge cycles.

It is an object of the present invention to provide a system and charging method that meet

these requirements for a rechargeable power source.

In one aspect of the invention, there is provided a portable electrical system comprising

primary and secondary devices, the primary device having a first, lithium cobalt oxide battery and

the secondary device having a second, lithium iron phosphate or lithium titanate battery, wherein

the primary and secondary devices are configured to recharge, or to allow recharging of, the

second battery from the first battery at a rate between 2C and 16C.

The secondary device may be an electrically heated smoking device. The electrically heated

smoking device may comprise an electrical heater powered by the second battery. The electrical

heater may be configured to heat an aerosol-forming substrate. The primary device may be a

portable charging unit, and may be made a shape and size similar to a conventional pack of

cigarettes. The secondary device may be received within the secondary device during a

recharging cycle.

The use of a lithium iron phosphate (or lithium titanate) battery for the secondary device

safely allows for fast charge and discharge rates. In the case of an electrically heated smoking

device, fast discharge is required because high power is required to be delivered to the heater

over a time period of only a few minutes. Fast charge is required because smokers often wish to

smoke another cigarette very shortly after a first cigarette.



To provide charging of the second battery from a single first battery, the first battery must

have a higher voltage than the second battery. The first battery must also have greater charge

capacity than the second battery if it is to provide for multiple recharge cycles before needing

recharging or replacing itself. A lithium cobalt oxide battery chemistry provides for a greater

battery voltage, and a greater charge capacity for a given size, than a lithium iron phosphate (or

lithium titanate) battery. The combination of a primary device having a first, lithium cobalt oxide

battery and a secondary device having a second, lithium iron phosphate or lithium titanate

battery is therefore advantageous for a portable electrical smoking system, or any similar

portable system in which a secondary device requires a short burst of high power from a battery.

The capacity of the first battery may advantageously be at least five times greater than the

capacity of the second battery. The capacity of the first battery may advantageously be between

five and forty times the capacity of the second battery. The primary device may be configured to

allow recharging of the first battery from a mains supply at a rate of between 0 and 1.5C.

The second battery is advantageously able to undergo at least 6000 charge/discharge cycles

at more than 900J per cycle, and may be able to undergo at least 7000 charge/discharge cycles

at more than 900J per cycle or at least 8000 charge/discharge cycles at more than 900J per

cycle. The average charging rate may be up to 12C. The second battery is advantageously able

to undergo at least 6000 charge/discharge cycles, and preferably at least 8000 charge/discharge

cycles without dropping below a threshold battery capacity, for example 80% of the rated battery

capacity. The discharging rate of the second battery may be around 13C but may be as much as

28C.

The primary device may comprise: a pair of output terminals for connection to the secondary

battery; a DC power source; a voltage regulator connected between the DC power source and to

the output terminals for controlling a charging voltage; and a microprocessor coupled to the

voltage regulator and to the output terminals, wherein the charging device and secondary battery

are configured to be coupled together and to form a charging circuit, and wherein the

microprocessor is configured to:

control the voltage regulator to supply a first charging voltage;

determine an internal resistance of the charging circuit by measuring the current in the

charging circuit at the first charging voltage and at a second charging voltage, wherein the

second charging voltage is lower than the first charging voltage; and

limit the first charging voltage supplied by the voltage regulator to a level that compensates

for the determined internal resistance.

The primary device may comprise: a pair of output terminals for connection to a secondary

battery; a DC power source; a voltage regulator connected between the DC power source and to

the output terminals for controlling a charging voltage; and a microprocessor coupled to the

voltage regulator and to the output terminals, wherein the charging device and secondary battery



are configured to be coupled together and to form a charging circuit, and wherein the

microprocessor is configured to:

control the voltage regulator to supply a first charging voltage;

determine an internal resistance of the charging circuit;

calculate a maximum charging voltage based on the determined internal resistance and a

characteristic of the secondary battery;

adjust the first charging voltage to maintain a predetermined charging current until the

first charging voltage reaches the maximum charging voltage, thereafter adjust the first charging

voltage to a level at or below the maximum charging voltage, and thereafter periodically or

continuously recalculate the maximum charging voltage and adjust the charging voltage to

maintain it at a level at or below the recalculated maximum charging voltage.

In a second aspect of the disclosure, there is provided a method of charging a second battery

in a secondary device from a first battery in a primary device, the primary and secondary devices

forming a portable electrical system, the primary device having a first, lithium cobalt oxide battery

and the secondary device having a second, lithium iron phosphate or lithium titanate battery,

comprising: charging the second battery from the first battery at a rate of between 2C and 16C.

In a third aspect of the disclosure, there is provided an electrically heated smoking system

comprising:

a lithium iron phosphate or lithium titanate battery;

a heater element, wherein operation of the heater element discharges the battery; and

a discharge detection circuit connected to the battery, wherein system is configured to

disable operation of the heater element when the discharge detection circuits determines that the

battery voltage is less than a threshold voltage level.

The threshold voltage level may be set to a voltage above a voltage below which battery

capacity is irrecoverably reduced. For example, the battery may have a maximum battery voltage

and the threshold voltage level may be between 15% and 25% of the maximum battery voltage.

Below this level of charge battery capacity may be irrecoverably lost. However, improvements or

changes in battery chemistry may allow the threshold level to be reduced to below 15%, for

example to 5% of maximum battery voltage.

Ensuring that the battery does not fully discharge substantially reduces irreversible reactions

in the battery, and thereby preserves the operational life of the battery.

Advantageously, following disabling of the heating element when the discharge detection

circuit determines that the battery voltage is less than a threshold voltage level, the system is

configured to maintain disablement of the heater element until the battery has been charged to a

threshold charge level sufficient to complete a single smoking experience. The threshold charge

level may be approximately 90% of maximum battery capacity.

In a fourth aspect of the disclosure, there is provided a method of operating an electrically

heated smoking system comprising:



a lithium iron phosphate or lithium titanate battery;

a heater element, wherein operation of the heater element discharges the battery; and

a discharge detection circuit connected to the battery, comprising:

disabling operation of the heater element when the discharge detection circuit determines

that the battery voltage is less than a threshold voltage level.

The method may further comprise the step of maintaining disablement of the heater element

until the battery has been charged to a threshold charge level sufficient to complete a single

smoking experience.

A fifth aspect of the disclosure provides a charging device for charging a secondary battery,

the charging device comprising:

a pair of output terminals for connection to the secondary battery, a DC power source, a

voltage regulator connected between the DC power source and to the output terminals for

controlling a charging voltage, and a microprocessor coupled to the voltage regulator and to the

output terminals, wherein the charging device and secondary battery are configured to be

coupled together and to form a charging circuit, and wherein the microprocessor is configured to:

control the voltage regulator to supply a first charging voltage;

determine an internal resistance of the charging circuit by measuring the current in the

charging circuit at the first charging voltage and at a second charging voltage, wherein the

second charging voltage is lower than the first charging voltage; and

limit the first charging voltage supplied by the voltage regulator to a level that compensates

for the determined internal resistance.

With an ideal charging system, the charging profile is split into two parts: a constant current

phase and a constant voltage phase. In the constant current phase, the voltage across the

secondary battery is adjusted to maintain a constant maximum charging current c until the

voltage across the battery reaches a defined voltage limit V c , with lc and Vc set by the

properties of the battery. In the constant voltage phase the voltage across the battery is

maintained at a fixed value V c until the current drops below a predetermined value lto w For rapid

charging it is desirable to maximise the length of the constant current phase.

In practice the charging system is never ideal. The charging circuit formed by the charging

device and the secondary battery has an internal resistance both as a result of the components

of the charging circuit and the contact resistance between the charging device and the secondary

battery. A proportion of the charging voltage supplied by the charging device will be dropped

across the internal resistance of the charging circuit, so that the voltage across the secondary

battery is less than the charging voltage supplied by the charging device. The charging device of

the first aspect of the disclosure can provide a charging voltage greater than V h By determining

the internal resistance of the charging circuit, the amount by which the charging voltage can

exceed V c so that the voltage across the battery is equal to or just less than Vch can be

calculated. In this way the charging device supplies a charging voltage that compensates for the



voltage drop across the internal resistance of the charging circuit. This increases the duration of

the constant current charging phase because determining the cut off voltage Vc at the battery

rather than at the voltage regulator means the cut off voltage is reached later.

The internal resistance of the charging circuit changes over time. The internal resistance of

the battery increases with the life of the battery. The contact resistance between the charging

device and the secondary battery may also change over time and will vary from charger to

charger and battery to battery. The charging device of the first aspect of the disclosure is

configured to determine the internal resistance of the charging circuit during every charging cycle

to ensure that the length of the constant current portion of the charging cycle is maximised.

During a constant voltage phase, the microprocessor may be configured to limit the charging

voltage supplied by the voltage regulator so that a voltage received by the secondary battery is

equal to a predetermined maximum voltage, V h.

The second charging voltage is preferably non-zero and may have a predetermined voltage

difference from the first charging voltage. Alternatively, the second charging voltage may be a

predetermined non-zero voltage. With the second charging voltage non-zero, there is never any

interruption to the charging process, which would lengthen the charge time.

The microprocessor may be configured to adjust the first charging voltage to maintain a

constant charging current in the charging circuit until the charging voltage exceeds a maximum

charging voltage, the maximum charging voltage calculated based on the characteristics of the

secondary battery and the determined internal resistance of the charging circuit.

The microprocessor may be configured to calculate the maximum voltage and adjust the first

charging voltage to maintain it at a level at or below the maximum charging voltage a plurality of

times during a single charging cycle. Rather than simply supplying a constant charging voltage

during a constant voltage phase, it is advantageous to provide an adjusted charging voltage that

compensates for the voltage dropped across the internal resistance of the charging circuit. As the

secondary battery approaches a fully charged level, the charging current for a given charging

voltage falls. As a result, the voltage dropped across the internal resistance of the charging

circuit falls. This in turn means that the charging voltage required to be supplied by the voltage

regulator to ensure that the voltage across the battery is equal to Vch falls. It is therefore

advantageous to recalculate the maximum charging voltage a plurality of times during a charging

cycle, particularly as the charging current is falling. Accordingly, the microprocessor may be

configured to continuously or periodically recalculate the maximum voltage and adjust the first

charging voltage to maintain it at a level at or below the maximum charging voltage after the first

charging voltage first reaches the maximum charging voltage during a single charging cycle.

The microprocessor may be configured to determine the internal resistance and calculate the

maximum charging voltage only after the first charging voltage has reached a predetermined

voltage level. For example, the predetermined voltage level may be Vc , the maximum battery

voltage.



According to a sixth aspect of the disclosure, there is provided a method of charging a

secondary battery comprising:

connecting the secondary battery to a charging device having an adjustable voltage source

to form a charging circuit;

controlling a first voltage supplied by the voltage source to provide a predetermined charging

current to the secondary battery;

determining an internal resistance of the charging circuit by measuring the current in the

charging circuit at the first charging voltage and at a second charging voltage, wherein the

second charging voltage is lower than the first charging voltage;

calculating a maximum charging voltage based on the determined internal resistance and a

characteristic of the secondary battery; and

adjusting the first charging voltage to maintain a predetermined charging current until the first

charging voltage reaches the maximum voltage level, and thereafter adjusting the first charging

voltage to maintain it at a level at or below the maximum charging voltage.

As in the fifth aspect, the second charging voltage is preferably non-zero and may have a

predetermined voltage difference from the first charging voltage.

The steps of calculating the maximum voltage and adjusting the first charging voltage to

maintain it at a level at or below the maximum charging voltage may be carried out a plurality of

times during a single charging cycle.

The steps of calculating the maximum voltage and adjusting the first charging voltage to

maintain it at a level at or below the maximum charging voltage may be carried out continuously

after the first charging voltage first reaches the maximum charging voltage during a single

charging cycle.

The step of determining the internal resistance may be carried out periodically during a

charging cycle.

The steps of determining the internal resistance and calculating the maximum charging

voltage may be carried only after the first charging voltage has reached a predetermined voltage

level. For example, the predetermined voltage level may be V h, the maximum battery voltage.

In a seventh aspect of the disclosure, there is provided a charging device comprising:

a pair of output terminals for connection to a secondary battery;

a DC power source;

a voltage regulator connected between the DC power source and to the output terminals for

controlling a charging voltage; and

a microprocessor coupled to the voltage regulator and to the output terminals, wherein the

charging device and secondary battery are configured to be coupled together and to form a

charging circuit, and wherein the microprocessor is configured to:

control the voltage regulator to supply a first charging voltage;

determine an internal resistance of the charging circuit;



calculate a maximum charging voltage based on the determined internal resistance and a

characteristic of the secondary battery;

adjust the first charging voltage to maintain a predetermined charging current until the

first charging voltage reaches the maximum charging voltage, thereafter adjust the first

charging voltage to a level at or below the maximum charging voltage, and thereafter

periodically or continuously recalculate the maximum charging voltage and adjust the

charging voltage to maintain it at a level at or below the recalculated maximum charging

voltage.

Rather than simply supplying a constant charging voltage during a constant voltage phase, it

is advantageous to provide an adjusted charging voltage that compensates for the voltage

dropped across the internal resistance of the charging circuit. As the secondary battery

approaches a fully charged level, the charging current falls for a given charging voltage. As a

result, the voltage dropped across the internal resistance of the charging circuit falls. This in turn

means that the charging voltage required to be supplied by the voltage regulator to ensure that

the voltage across the battery is equal to V h falls. It is therefore advantageous to recalculate the

maximum charging voltage a plurality of times during a charging cycle, particularly as the

charging current is falling. Accordingly, the microprocessor is configured to continuously or

periodically recalculate the maximum voltage and adjust the first charging voltage to maintain it

at a level at or below the maximum charging voltage after the first charging voltage first reaches

the maximum charging voltage. The step of determining the internal resistance may comprise

measuring the internal resistance or estimating the internal resistance.

In an eighth aspect of the disclosure, there is provided a method of charging a secondary

battery comprising:

connecting the secondary battery to a charging device having an adjustable voltage source

to form a charging circuit;

controlling a first voltage supplied by the voltage source to provide a predetermined charging

current to the secondary battery;

determining an internal resistance of the charging circuit;

calculating a maximum charging voltage based on the determined internal resistance and a

characteristic of the secondary battery;

adjusting the first charging voltage to maintain a predetermined charging current until the first

charging voltage reaches the maximum charging voltage, thereafter adjusting the first charging

voltage to a level at or below the maximum charging voltage; and thereafter periodically or

continuously recalculating the maximum charging voltage and adjusting the charging voltage to

maintain it at a level at or below the recalculated maximum charging voltage.

The charging device and method in accordance with the fifth, sisxth, seventh and eighth

aspects of the disclosure may be applied to electronic smoking systems. The charging device

may be used to charge a secondary battery in an electronic smoking device. The electronic



smoking device may include an electrically powered heater configured to heat an aerosol-forming

substrate. The aerosol-forming substrate may be provided in the form of a cigarette having a

mouthpiece portion on which an end user inhales. The secondary battery may advantageously

provide sufficient power for a single smoking session, exhausting a single aerosol-forming

substrate.

A short recharging time is crucial for the acceptance of electronic cigarettes. The charging

device and charging method of the present disclosure maximise the duration of a constant

current phase of the recharging process and also maximise the voltage across the secondary

battery when the constant current phase has ended.

In an eighth aspect, there is provided a method of qualification testing a lithium iron

phosphate or lithium titanate battery, comprising:

a) charging the battery at a rate of at least 2C;

b) discharging the battery;

c) repeating steps a) and b) at least 6000 times;

d) subsequent to step c), determining that the battery meets a qualification standard if the

battery capacity is greater than a threshold capacity.

The threshold capacity may be a percentage of the rated capacity of the battery, for example

80% of the rated battery capacity.

The step of charging the battery may comprise charging at an average rate of 12C. The step

of discharging may be carried out at a rate of around 13C and may be performed using

millisecond pulses. Step c) may comprise repeating steps a) and b) at least 7000 times or at

least 8000 times.

In a ninth aspect, there is provided a method of qualification testing a batch of lithium iron

phosphate or lithium titanate batteries, comprising selecting a sample of a plurality of batteries

from the batch of batteries, and performing the method of the eighth aspect on each of the

plurality of batteries. The plurality of batteries may be selected at random from the batch. If all of

the plurality of batteries meet the qualification standard, then the batch of batteries may be

determined to meet the qualification standard.

In a tenth aspect there is provided a battery or batch of batteries determined to meet a

qualification standard in accordance with the eighth aspect.

It should be clear that features described in relation to one aspect of the disclosure may be

applied to other aspects of the disclosure, alone or in combination with other described aspects

and features of the disclosure.

Examples in accordance with the various aspects of the disclosure will now be described in

detail, with reference to accompanying drawings, in which:

Figure 1 is a schematic diagram showing an example of an electronic smoking system

comprising primary and secondary units;



Figure 2a shows a standard charging profile for a rechargeable battery in accordance with

the prior art;

Figure 2b is a flow diagram illustrating a control process for the charging profile of Figure 2a;

Figure 3 is a schematic illustration of a charging circuit formed by the coupled primary and

secondary devices of Figure ;

Figure 4 shows a charging profile in accordance with an embodiment of the invention;

Figure 5a is a flow diagram illustrating a control process for the charging profile of Figure 4 ;

Figure 5b is a flow diagram illustrating an alternative control process for the charging profile

of Figure 4 ;

Figure 5c is a flow diagram illustrating a further alternative control process for the charging

profile of Figure 4 ;

Figure 6 is a flow diagram illustrating a process for calculating an internal resistance of the

charging circuit; and

Figure 7 is flow diagram illustrating a control process for preventing excessive discharge of

the secondary battery in a system of the type shown in Figure 1.

Figure 1 shows a primary device 100 and a secondary device 102. The primary device 100

in this example is a charging unit for an electrically heated smoking system. The secondary

device 102 in this example is an electrically heated aerosol-generating device adapted to receive

a smoking article 104 comprising an aerosol-forming substrate. The secondary device includes a

heater to heat the aerosol forming substrate in operation. The user inhales on a mouthpiece

portion of the smoking article 104 to draw aerosol into the user's mouth. The secondary device

102 is configured to be received within a cavity 112 in the primary device 100 in order to

recharge the power supply in the secondary device.

The primary device 100 comprises first battery 106, control electronics 108, and electrical

contacts 110 configured to provide electrical power to a second battery in the secondary device,

from the first battery 106, when the secondary device is in connection with the electrical contacts

110. The electrical contacts 110 are provided adjacent the bottom of a cavity 112. The cavity is

configured to receive the secondary device 102. The components of the primary device 100 are

housed within the housing 116.

The secondary device 102 comprises a second battery 126, secondary control

electronics 128 and electrical contacts 130. As described above, the second, rechargeable

battery 126 of the secondary device 102 is configured to receive a supply of power from the first

battery 106 when the electrical contacts 130 are in contact with the electrical contacts 110 of the

primary device 100. The secondary device 102 further comprises a cavity 132 configured to

receive the smoking article 104. A heater 134, in the form of, for example, a blade heater, is

provided at the bottom of the cavity 132. In use, the user activates the secondary device 102,

and power is provided from the battery 126 via the control electronics 128 to the heater 134. The

heater is heated to a standard operational temperature that is sufficient to generate an aerosol



from the aerosol-forming substrate of the aerosol-generating article 104. The components of the

secondary device 102 are housed within the housing 136. A secondary device of this type is

described more fully in EP21 10033 for example.

The aerosol-forming substrate preferably comprises a tobacco-containing material

containing volatile tobacco flavour compounds which are released from the substrate upon

heating. Alternatively, the aerosol-forming substrate may comprise a non-tobacco material.

Preferably, the aerosol-forming substrate further comprises an aerosol former. Examples of

suitable aerosol formers are glycerine and propylene glycol.

The aerosol-forming substrate may be a solid substrate. The solid substrate may

comprise, for example, one or more of: powder, granules, pellets, shreds, spaghettis, strips or

sheets containing one or more of: herb leaf, tobacco leaf, fragments of tobacco ribs,

reconstituted tobacco, homogenised tobacco, extruded tobacco and expanded tobacco.

Alternatively, the aerosol-forming substrate may be a liquid substrate and the smoking article

may comprise means for retaining the liquid substrate. The aerosol-forming substrate may

alternatively be any other sort of substrate, for example, a gas substrate, or any combination of

the various types of substrate.

In this example, the secondary device 102 is an electrically heated smoking device. As

such the secondary device 102 is small (conventional cigarette size) but must deliver high power

over a period of just a few minutes, typically around 7 minutes for a single smoking session. The

second battery may then need to be returned to the primary device 100 for recharging.

Recharging is desirably completed, at least to a level sufficient to allow for another complete

smoking experience, in a matter of a few minutes and preferably less than 6 minutes.

The first battery 106 in the primary device is configured to hold sufficient charge to

recharge the second battery 126 several times before needing recharging itself. This provides

the user with a portable system that allows for several smoking sessions before recharging from

a mains outlet is required.

It is also desirable that the second battery need not be frequently replaced. Preferably

the second battery has a useful life of at least one year, equating to around 8000

charge/discharge cycles for a typical user.

In order to satisfy the competing requirements for the second battery 126 of small size,

sufficient capacity and safe, but fast, charge and discharge, as well as acceptable lifetime, a

lithium iron phosphate (LiFeP04) battery chemistry may be used, as in this example. The second

battery 126 in this example has a cylindrical shape, with a diameter of 10mm and a length of

37mm. This battery is able to undergo 8000 cycles of charge/discharge at more than 900J per

cycle. The average charging rate may be up to 12C. A charging rate of 1C means that the

battery is fully charged from zero charge to full charge in one hour and a charging rate of 2C

means that the battery is fully charged from zero charge to full charge in half an hour. The battery

capacity is in the region of 125mAh. The maximum charging current can range from 980mA to



1.5A. Discharging is performed using 1millisecond pulses of up to 2A. Discharge rate depends

on the resistance of the heater, which is in turn dependent of the heater temperature. At ambient

temperature the discharge rate may be as high as 28C but is reduced at higher temperatures as

the resistance of the heater increases. At typical operating temperature the discharging rate is

around 13C. As an alternative, a lithium titanate battery may be used for the second battery.

A sample of second batteries may be qualification tested to ensure that they are able to

meet a qualification standard in terms of number of useful cycles of charge discharge. The

qualification testing may comprise: charging the battery at a rate of at least 2C; discharging the

battery; repeating the charge/discharge cycle at least 6000 times; and then determining that the

battery meets a qualification standard if the battery capacity is greater than a threshold capacity,

such as 80% of the original rated battery capacity.

The first battery 106 in the primary unit 100 is a lithium cobalt oxide (LiCo02) battery of

the prismatic type. The first battery has a capacity of around 1350mAh, over ten times the

capacity of the second battery. The second battery may be charged from the first battery at a rate

between 2C and 16C. Discharging the first battery at a rate of 1C provides a charging rate of

over 10C to the second battery. Charging of the first battery can be performed from a mains

supply, at a rate between 0 and 1.5C, and typically at a rate of around 0.5C to maximise battery

life.

A lithium cobalt oxide battery provides a higher battery voltage than lithium iron

phosphate, allowing the charging of a lithium iron phosphate battery from a single lithium cobalt

oxide battery.

Figure 2a shows a standard charging profile for charging a rechargeable battery. Figure

2a shows the charging voltage from the charging device 210, the charging current 220 from the

charging device and the battery voltage 230 of the second battery being charged. The charging

profile consists of an initial constant current phase 300. During the constant current phase 300

the charging voltage 210 is controlled so as to provide constant, maximum charging current lc .

This provides for the maximum rate of charging. However, the constant charging current phase

200 comes to an end when the charging voltage required to maintain the maximum charging

current exceeds a maximum charging voltage V . V c is set at a level that preserves the lifetime

of the second battery. Once this stage is reached, indicated at point 203 on Figure 2a, a constant

voltage phase 202 begins. During the constant voltage phase the charging voltage 210 is held at

the maximum V h. During the constant voltage phase, the charging current drops as the

difference between the charging voltage 210 and battery voltage 230 drops. The charging

process is stopped when the charging current reaches a low threshold le The maximum

charging current and the maximum charging voltage are set by the battery manufacturer.

Figure 2b illustrates the control steps in this process. In step 20 the charging current is

set at , the maximum charging current. During the constant current phase, the control logic

compares the charging voltage with the maximum permitted charging voltage V c . This is shown



as step 22. If the charging voltage is below Vch the charging current is maintained. If the charging

current is equal to or exceeds Vc , the constant current phase is ended and the charging voltage

set to Vch. This is shown as step 24. The control logic then monitors the charging current in step

26. Once the charging current is less than len the charging process is considered complete and

is ended in step 28.

The charging profile illustrated in Figures 2a and 2b can be used in a system as

described with reference to Figure 1. However, the charge time can be made shorter by

compensating for the internal resistance in the charging circuit. A shorter charge time is

desirable, particularly for systems such as electronic smoking systems, in which recharge time

must be only a few minutes.

Figure 3 is a circuit diagram illustrating the charging circuit formed by the coupled primary

and secondary devices. The circuit is divided in a primary device side and a secondary device

side. Dotted line 30 represents the boundary between the primary device 100 and the secondary

device 102. The primary device side comprises a controlled voltage source 320, comprising the

first battery and a voltage regulator and a microcontroller 340 configured to control the voltage

source 340 based on current and voltage V measurements. The secondary device side

comprises the second battery 126. The internal resistance of the charging circuit comprises

contributions from several sources. The resistances rp_ and rp+ represent the electrical

resistances of the electronics layout and solder tabs in the primary device. The resistances rs.

and rs+ represent the electrical resistances of the electronics layout and solder tabs in the primary

device. The resistances r _(t) and rc+(t) represent the electrical resistances of the contacts

between the primary and secondary devices. They will vary from device to device and can vary

with time from charge cycle to charge cycle. In an electrical smoking system of the type

described with reference to Figure 1, primary and secondary units may be brought in and out of

contact several times a day, and each time the contact resistances may be different. The contact

resistances may also increase if the contacts are not kept clean. The resistance r,(t) represents

the internal resistance of the second battery, which increases over the life of the second battery.

If the parasitic resistances rp_, rp+ , rs rs+ , rc.(t) and rc+(t) are combined into a single

resistance R(t), then the voltage across the second battery will be less than the charging voltage

from the voltage source by Vd = I * R(t).

This means that the charging voltage supplied by the voltage source can be increased

above the maximum Vc by an amount I * R(t) and the voltage across the second battery will be

equal to V . The constant current phase of the charging profile can be extended until the point

that the charging voltage reaches Vch + * R(t). The charging voltage supplied thereafter can also

be controlled to be more then Vc but no more than Vch + * R(t).

Figure 4 illustrates a charging profile in accordance with an aspect of the invention, in

which the supplied charging voltage exceeds V h. The charging profile comprises a constant

current phase 400 and a pseudo-constant voltage phase 402. The charging voltage from the



voltage source is shown as 4 10 , the charging current is shown as 420 and the voltage of the

second battery is shown as 430.

The constant current phase 400 extends until the charging voltage reaches a maximum

of Vcomp=Vc + I * R(t). In the pseudo-constant voltage phase 402, the charging voltage is

controlled to equal V mp. The charging cycle is ended when the charging current equals

Figure 5a, 5b, and 5c illustrate alternative control strategies for implementing a charging

profile as shown in Figure 4 . Figure 5a shows the process starting at step 500. At step 5 10 the

charging current is set to ! h the maximum charging current specified by the manufacturer. In step

520 the internal resistance of the charging circuit is measured.

The process for measuring the intemal resistance of the charging circuit is shown in

Figure 6 . In a first step 6 10 the charging current and charging voltage are measured. The

charging voltage is then reduced to a lower voltage V2 in step 620, where V2 V AV. V is a

fixed, predetermined voltage difference of a few millivolts. The reduced voltage V2 and

corresponding reduced current l2 are measured in step 630. The voltage is only reduced for a

period of 100-400ps, long enough for the voltage and current to be measured once (or a few

times to provide an average) by the microcontroller. The internal resistance R of the charging

circuit is calculated in step 640 using the relationship Ri=(V -V2)/(l - l2) . The process ends at step

650, and may be repeated as described below.

In step 530 the charging voltage is compared with the compensated maximum charging

voltage Vcomp . The internal resistance R comprises both the parasitic resistance R(t) and the

internal resistance of the battery r,(t). V ∞ m p=V c +R(t). The maximum internal resistance of the

second battery r ma is provided by the battery manufacturer and can be used to derive a value for

R(t) from . As an alternative, the voltage across the battery can be directly measured and

passed to the microcontroller to allow the parasitic resistance to be determined. Using the value

of R(t), Vcomp can be calculated.

If the charging voltage is less than Vco p the constant current phase continues and step

530 is repeated based on the calculated value of V mp. If the charging voltage is equal to or

exceeds Vcomp then the constant current phase ends and the charging voltage is set to V ∞ m p in

step 540. In step 550 the charging current is compared to Ie If the charging current is greater

than or equal to le d , then the process returns to step 540. The charging voltage is reset to a new

value of Vc m based on the newly measured charging current and then the process proceeds to

step 550. This control loop of step 540 and 550 can be repeated as frequently as desired. If in

step 550 the charging current is less than le d then the charging cycle is terminated at step 560

and this is indicated to the user. The value of le nd may be set based on the full capacity of the

battery or may be based on the amount of energy required for one standard use of the secondary

device, e.g. a single smoking session.

Figure 5b illustrates an alternative charging process. In the process of Figure 5b, steps

500 and 5 10 are identical to those described with reference to Figure 5a. Step 5 15 is additional



to the process shown in Figure 5a. In step 5 15 the charging voltage is compared with V , the

maximum charging voltage specified by the battery manufacturer. Only if the charging voltage is

equal to or exceeds V does the process proceed to step 520, determination of the internal

resistance. Steps 520 and 530 are as described with reference to Figure 5a, but in the process of

Figure 5b, the internal resistance and V mp are only calculated after the charging voltage

reaches Vch . In the pseudo-constant current phase of Figure 5b, the first step is a recalculation

of the internal resistance, in step 535. The internal resistance of the charging circuit may have

increased during the charging process, and recalculating allows for a better calculation of Vcomp

and a potentially shorter charge time. Steps 540, 550 and 560 are as described with reference to

Figure 5a.

Figure 5c illustrates a further alternative charging process. In the process of Figure 5c

steps 500, 5 10 and 520 are as described with reference to Figure 5a. In step 525 the charging

voltage is compared with the compensated maximum charging voltage Vcomp , in the same

manner as in step 530 in Figure 5a and 5b. However, in step 525, if the charging voltage is

greater than or equal to V mp the process returns to step 520.

Steps 535 and 540 of Figure 5c are identical to steps 535 and 540 of Figure 5b. In step

545 the charging current is compared to len If the charging current is greater than or equal to

then the process return to step 535, and the internal resistance is recalculated and Vcomp updated

prior to step 540. If in step 550 the charging current is less than le d then the charging cycle is

terminated at step 560 and this is indicated to the user. As explained above, the value of ! d may

be based on the full capacity of the battery so that the battery is charged to a certain proportion

of full charge, say 90% of full charge. Alternatively lend may be set based on the amount of stored

energy required for a single use of the secondary device.

Figures 5a, 5b and 5c are example control processes and it should be clear that other

processes are possible in accordance with the same general principle. For example any of the

constant current phases of Figures 5a, 5b and 5c, can be used with any of the pseudo-constant

voltage phases of Figures 5a, 5b and 5c, providing nine different possible control processes.

In systems such as an electrical smoking system, any decrease in the time taken to

recharge the secondary device may significantly increase user adoption. A key requirement is

ease and convenience of use, and in a recharge cycle lasting just a few minutes every second is

noticeable. The recharging processes described with reference to Figure 4 and Figures 5a, 5b

and 5c provide for rapid recharging within the limits of operation specified by the battery

manufacturer.

A further aspect of this disclosure is illustrated in Figure 7. With reference to the

secondary device shown in Figure 1, the secondary device 102 may be configured to prevent

operation if the second battery drops below 20% of its fully charged level. This protects the life of

the second battery. The control electronics 128 are configured to monitor the battery voltage of

the second battery in use. When the battery voltage drops to 20% of the fully charged voltage,



the device is disabled until the second battery has been recharged to a threshold charge level.

The threshold charge level may be chosen to be less that maximum battery capacity, say 90% of

full capacity, again to protect the life of the battery. The 20% level has been found to be a good

threshold level for lithium iron phosphate batteries, but any level between 15% and 25% may be

used and other levels may be chosen to suit different battery chemistries.

Figure 7 illustrates the control process that the control electronics 128 is configured to

execute. The process starts in step 700. In step 720 the battery voltage of the secondary battery

is compared with a minimum starting voltage Vm for allowing operation of the device. If the

battery voltage is less than V min then the secondary device will not allow further operation of the

heater and will enter a low power mode to conserve battery capacity until the next recharge

cycle. The process then ends in step 730. In the case of a smoking device this prevents the

heating operation of the device if there is insufficient charge in the second battery to complete a

single smoking experience (corresponding to the experience of smoking a conventional cigarette

say). Once the second battery has been recharged the process can restart at step 700.

If the battery voltage is greater than or equal to V mi then the device is allowed to fully

operate. During operation, the battery voltage of the second battery is repeatedly compared to a

second threshold, in this case Vm /5, i.e. 20% of the minimum starting battery voltage. This is

shown as step 740. If the battery voltage is greater than Vm /5 then the device continues to be

operable and step 740 is repeated. If the battery voltage is less than or equal to V min/5 then the

device enters the low power mode in which the heater is disabled in step 750. Once the heater is

disabled, the control process must start again at step 700 so the heater cannot operate until the

second battery is recharged to a level at which that the battery voltage is greater than or equal to

Vmin.

The exemplary embodiments described above illustrate but are not limiting. In view of the

above discussed exemplary embodiments, other embodiments consistent with the above

exemplary embodiments will now be apparent to one of ordinary skill in the art.



Claims

1. A portable electrical system comprising primary and secondary devices, the primary

device having a first, lithium cobalt oxide battery and the secondary device having a second,

lithium iron phosphate or lithium titanate battery, wherein the primary and secondary devices

are configured to allow recharging of the second battery from the first battery at a rate of

between 2C and 16C.

2 . A portable electrical system according to claim 1, wherein the capacity of the first battery

is at least five times greater than the capacity of the second battery.

3. A portable electrical system according to claim 3, wherein the capacity of the first battery

is between five and forty times the capacity of the second battery.

4 . A portable electrical system according to any one of claims 1 to 3, wherein the secondary

device is an electrically heated smoking device.

5 . A portable electrical system according to any preceding claim, wherein the primary

device is configured to allow recharging of the first battery from a mains supply at a rate of

between 0 and .5C.

6 . A portable electrical system according to any preceding claim, wherein the second

battery is able to undergo at least 6000 charge/discharge cycles at more than 900J per cycle.

7. A portable electrical system according to any preceding claim, wherein the second

battery is able to undergo at least 8000 charge/discharge cycles at more than 900J per cycle.

8. A portable electrical system according to any preceding claim, wherein the primary

device comprises:

a pair of output terminals for connection to the secondary battery;

a DC power source;

a voltage regulator connected between the DC power source and to the output terminals

for controlling a charging voltage; and

a microprocessor coupled to the voltage regulator and to the output terminals, wherein

the charging device and secondary battery are configured to be coupled together and to form

a charging circuit, and wherein the microprocessor is configured to:

control the voltage regulator to supply a first charging voltage;



determine an internal resistance of the charging circuit by measuring the current in the

charging circuit at the first charging voltage and at a second charging voltage, wherein the

second charging voltage is lower than the first charging voltage; and

limit the first charging voltage supplied by the voltage regulator to a level that

compensates for the determined internal resistance.

9 . A portable electrical system according to any one of claims 1 to 6 , wherein the primary

device comprises:

a pair of output terminals for connection to a secondary battery;

a DC power source;

a voltage regulator connected between the DC power source and to the output terminals

for controlling a charging voltage; and

a microprocessor coupled to the voltage regulator and to the output terminals, wherein

the charging device and secondary battery are configured to be coupled together and to form

a charging circuit, and wherein the microprocessor is configured to:

control the voltage regulator to supply a first charging voltage;

determine an internal resistance of the charging circuit;

calculate a maximum charging voltage based on the determined internal resistance and a

characteristic of the secondary battery;

adjust the first charging voltage to maintain a predetermined charging current until the

first charging voltage reaches the maximum charging voltage, thereafter adjust the first

charging voltage to a level at or below the maximum charging voltage, and thereafter

periodically or continuously recalculate the maximum charging voltage and adjust the

charging voltage to maintain it at a level at or below the recalculated maximum charging

voltage.

10 . A method of charging a second battery in a secondary device from a first battery in a

primary device, the primary and secondary devices forming a portable electrical system, the

primary device having a first, lithium cobalt oxide battery and the secondary device having a

second, lithium iron phosphate or lithium titanate battery, comprising: charging the second

battery from the first battery at a rate of between 2C and 16C.

11. An electrically heated smoking system comprising:

a lithium iron phosphate or lithium titanate battery;

a heater element, wherein operation of the heater element discharges the battery; and

a discharge detection circuit connected to the battery, wherein system is configured to

disable operation of the heater element when the discharge detection circuit determines that

the battery voltage is less than a threshold voltage level and to maintain disablement of the



heater element until the battery has been charged to a threshold charge level sufficient to

complete a single smoking experience.

12. An electrically heated smoking system according to claim 11, wherein the threshold

voltage level is set above a voltage below which battery capacity is irrecoverably reduced.

13. An electrically heated smoking system according to claim 11 or 12, wherein the threshold

voltage level is between 15 and 20% of a voltage of the battery when it is fully charged.

14. An electrically heated smoking system according to claim 11, 12 or 3, wherein the

threshold charge level is approximately 90% of maximum battery capacity.

15. A method of operating an electrically heated smoking system comprising:

a lithium iron phosphate or lithium titanate battery;

a heater element, wherein operation of the heater element discharges the battery; and

a discharge detection circuit connected to the battery, comprising:

disabling operation of the heater element when the discharge detection circuit determines

that the battery voltage is less than a threshold voltage level; and

maintaining disablement of the heater element until the battery has been charged to a

threshold charge level sufficient to complete a single smoking experience.

16. A method of qualification testing a lithium iron phosphate or lithium titanate battery,

comprising:

a) charging the battery at a rate of at least 2C;

b) discharging the battery;

c) repeating steps a) and b) at least 6000 times;

d) subsequent to step c), determining that the battery meets a qualification standard

if the battery capacity is greater than a threshold capacity.

17. A method according to claim 16, wherein the the step of charging the battery comprises

charging at an average rate of 12C.

18. A method according to claim 16 or 17, wherein the the step of discharging the battery

comprises discharging at an average rate of 3C.

19. A method according to claim 16, 17 or 18, wherein step c) comprises repeating steps a)

and b) at least 8000 times.



20. A method of qualification testing a batch of lithium iron phosphate or lithium titanate

batteries, comprising selecting a sample of a plurality of batteries from the batch of batteries,

and performing the method of any one of claims 16 to 19 on each of the plurality of batteries.

21. A battery determined to meet a qualification standard in accordance with any one of

claims 16 to 19.
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