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Titie: A battery charging system and method

Diescrintion of Invention

Embadiments of the present invantion relate to methods and systems for use

in the charging of batteries.

A basic battery charging systam fr racharging g battery {(such as lithium ion
baltery; may conventionally apply constant or pulsed electrical power o
terminals of the rechargaable battery. Typically, a charging cyole for a lithium
ion battery may nwlude an intial constant current operation during which the
battery charging system is controlled 1o achisve a substantislly constant
supply current ko the battery during 2 first period of the charging cvele. Ones
the voltage across the terminals of the batlery has reach a predeterminad
fevel, then a conventional battery charging system & typically controlled to
achigve g constant vollage or even a constant power across those terminals
during this second pericd of the charging oycle (e a constant voltags
operation of the charging cycle). Finally, once the batlery is substantially fully
charged then sither the charging cycle 18 lerminated or a maintenance or
standby operation may be maintained with an occasional supply of electrical
power 10 the battery 10 compeansate for self-dischargs.

Maost conventiongl chargers switch from the constant current fo the constant
voltage or even a constant power apeargtions of the charging cycle with the

battery betweean 80% and 80% of being full charged.

Vithout wishing to be bound by theuary it is believed that ions passing from 2
positive elactrods, of g battery heing rachargsd, 10 a negative slectrade of that
battery tend o pile-up prior to intercalation at or towards the boundary of the

negative elactrode which is {owards the posilive elschiode {(e. gl 3 solid-
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electrolyte interphase (GED layer). This pile-up & believed to slow the
imercalation of the ons in the negstive slecirode and orestes g higher

slectrical resistancs in the battery.

Conventional charging also typically causss the SEI laver to grow {La. fo
thicken) which eventually, when sufficiently thick following & number of
charging cycles, will cause a reduction in the charge capacily of the batlery

and eventually the failure of the battery.

Conventional battery charging systems use relatively complex elsctronio
circuits iy order 1o provide the constant voltage or even a constant power and
currert operations required for the conventional charging cycles and require
additional slectronic circuils o provide power factor correction.  These

complex slsctronic circuits yse numercus relatively expensive components.

Accordingly, there is a desire to alleviate one or more problams associated

with conventional batiery eharging cvcies and systems.

As such, an aspect of the present disdosure provides a methad for charging a
battery, the method comprising the steps of providing g charging curent 1o
the battery, determining a propsrty of the battery substantially continuously
during charging; and varying 8 property of the charging current in dependence

on the determined property of the battery.

By measuring ballery properties substantially continuously, the charging
surrert supglied © the ballery 1o bs varied in substandially real-lime {0 provide
a morg optimal baltery charging currant, aliowing for a safe minimisation of the
hattery charging time. in genaral, more than one baltery property can ke
determined o provide information abowt the batlery stale that can assist in
determining the charging currant properiies raquired.
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Cptionally, the charging current has an oscillating DO waveform. QOptionally,
the charging current has a pulsed DC waveform, Using a time varying DC
charging current such as these can allow for properties, such as the internal
impedance of the batiery, 1o be maore easily measured withou! interrupting the

charging procsss.

For efficency, at least a portion of the wavefarm has substandially the form of
rectified sine wave, Optionally, at least a portion of the waveform has
substantially the form of a souared sine wave. These wave forms can provide
favourable battery charging with g high power factor while being simple {o
generate.

Optionaily, the waveform has a minimum ocourring at 8 currant value of less
than about 0.5 amps, preferably less than ashout 0.1 amps, mors prefarably
about Tero amps. By having 8 waveform that has a minimum of about zero
amps, the effects of static build andfor an intermnal potential up on the battery
propearties can be reduced.

Optionaily, the determined property is determined from the current waveform,
The current wavelorm s relatively straightforward 1o measure, and can be

used to determine furthey properties of the baltery.

Optionally, the determinad property is detarmined at at lsast the frequency of
the waveform. Delermining the property at at least the frequency of the
wavetform provide substantially continuous monitoring of the battery properties,
with the propertiss being detsrmined a murimum of once per waveform cysle.
This allows for the charging current to be updated frequently, or substantially

continuously, in order to prevert any overleading of the battery.

Dptionaly, the determinad property is determined during a rising portion of the

waveform. For accuracy, the dstermined properly is determined from a



17 02 22

5

10

20

{3
L]

measursment starting at a waveform minimum. The waveform minimum
pravides a convenient start point for measuwrements, and can resull in graater

measured changes i properties, and therefors a reduced fractional arror.

Qptionally, the determined property is determinad during a falling portion of the
waveform, Measuring the property during the Talling part of the waveform in
addition o the rising part of the waveform aliows the property to be determined

from g different start point, which can help 1o detent or reduce errors.

Optionally, the wavsform is provided at a frequency of about an inleger
mulliple of a vollage supply frequency. Providing a waveform at an integer
multiple of the mains voltage supply can result in a higher powsy factor,
ncreasing the efficiency of the charging. Optionally, the waveform 18 provided
at a frequency of about twice & mains voltage supply frequency, which an
provide more efficient charging. Optionally, the waveform is locked fo the
mains voltage supply frequency. By providing a waveform lockad to the maing
frequency, by which it is meaant that the minimum of the current waveform and
zeros of the voltage waveform ocour at substantially the same time, a higher

power factor can be provided.

Optionally, the determined property of the batlery comprises a battery internal
impedance. The intermnal impedance can be used 1o indicale the siate of the
battery.

Optionally, the battery intemal impadance i determined from a measured
chiange in cuwrrent and a msaswed change in vwltage at the batlery. This

aliows the internal impeadance o be measured indirectly.

Qptionally, the determined property of the baftery comprises a cell intermnal
impedance. Optionally, the determined property of the battery comprises a

maximum cell impeadance. Where the battery comprises multiple cells, the cell
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impeadances can he different for gach call The cell with the highest impedance

will determing the mits of a safe charging current.

Optionally, the determined proparty of the baltery comprises a batlery
temperatura. Optionally, the dstermined properties of the battery comprises a
cell tempearature. The batlery and/or cell temperature can indicate information
about the state of the baltery andior call, for sxample whethsr the cuwrrently

used charging cuwrrent is safe.

QOptionally, the varied property comprises ab a current mean valugs, a current
maximum valie, a8 current amplitude; a duty cycle; andfor 8 charging mods,
Varying these properties of the current can alter the powsr supplisd to the

battery, keeping it within safe limits while minimising the battery charge tims.

Qptionally, the method further comprises the step of measuring the time the
battery has been charging, thereby to determing a charge received by the
battery. This allows the state of charge of the battery to be monitored.

Optionaily, the battery is g lithium-ion battery. Lithium on batteries are used in

a wide range of applications.

According o ancther aspect of the present disclosure | therg is provided a
hattery charging system comprising: a currant source, sultable for providing a
charging current to & battery: and a control unit, wherein the control unit is
configured to determing a property of the battery substantislly continuously
during charging: wherein the control urit is configurad (o vary a property of the
charging current in dependence on the determined property of the battery. The
contrad unit allows the charging current o be varied based on the substantially
continuously determined property of the battery o provide a charging current
with proparties that are efficient for charging while also being within safe limils

s a8 not to damage the battery.
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Optionally, the charging current is provided as an osailiating DO waveform.
Optionally, the charging current is provided as a pulsed DC waveform. Using a
time varying DG charging current such as these can allow for properties, such
as the internal impedance of the battery, {0 be more sasily measwrsd withouwt

interrupting the charging process.

Optionally, at least a portion of the waveform has substantially the form of
rectified sine wave, Optionally, at least a portion of the waveform has
substaniially the frm of squared sine wave. These wave forms can provide
favourably battery charging while being simple 1o ganerate.

Optionaily, the waveform has a minimum ocourring at 8 currant value of less
than about 0.5 amps, preferably less than ashout 0.1 amps, mors prefarably
about zero amps. This can reduce the effects of static build andfor an internal
potential up on the ballery properties.

For efficiency, the determined properly is determined from the current
waveform. The current wavelform 8 relalively straightforward {o measure, and

can be used o determine further properties of the batltery.

For safety, one or more of the determined properiies are determined at at least
the frequency of the waveform. Optionally, ang or more of the determinad
properties are determined at at lsast twice the frequancy of the waveform.
Determining the property at st least the frequency of the waveform provide
substantally continuous monitoring of the batlery properties, with the
properties being determined a minimum of once pear waveform oycle. This
allows for the charging current (o be updated frequently, o substantially

cortinuously, in order to prevent any overloading of the baltery.
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Optionally, the determined property is determinsd during a rising portion of the
waveform, For accuracy, the determined property is delermined from a
measurement starting al a waveform minimuwm. The waveform  minimum
provides a conveniant start point for measuremants, and can result in greater

messursd changes in properties, and therefore a reduced fractional ercay

Optiznally, the determined propsrly is determined during a falling portion of the
waveform. Measuring the property during the Talling part of the waveform in
addition to the rising part of the waveform allows the property 1o be determinad

from a different start point, which can help {0 detect or reduce ermors.

For gase of generation, the waveaform is provided at a frequency of an inlegsr
multiple of a voltage supply. Optionally, the waveform s provided at g
fraquency of aboul twice the voltage supply. Qptionally, the waveform is
provided at a freguancy locked with the voliags supply. This provides a high
nower factor, increasing efficiency.

Optionaily, the current source comprises a flvback converter, Use of g flyback
corwerter o produce the curent waveform can reduse o ramove the

requirement for bulking capacitors to produce the charging current.

Optionally, the system further comprises a voltage measwement means
andfor & current measuremeant means. Determining the current and vollages, or
the current changes and voltage changes, can allow for proparties of the
battery to be detarmined without interrupting the supply of current to the
battary.

Optionaily, t¢ indicats the state of the battery the one or more determined
properties of the baliery comprises a battery intemal impedance. The intermal
impadance can be usad o indicate the state of the batlery.
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Optionally, the battery internal impedance iz calculated from 8 measured
change in current and a8 measurad change in voltage across the battery. This

allows the internal impedance of the batlery {0 be daterminad indirectly.

Optionally, the determingd property of the battary comprises one of mors osll
internal impedances. Optionally, the determined property of the baltery
comprises @ maximum call impedance. Whaere the batlery comprisas mulliple
cglls, the cell impedances can be different for sach cell The cell with the

highest impadance will determine the limits of a safe charging current.

Optionally, the determined property of the battery comprises a battery
tfemperature. The baltery andior cell temperature can ndicate information
apout the state of the battery.

Cptionaily, the varied propery comprises at least one of & current mean
valug: a current masimum value; a current amplitude; a duty cycle; andfor a
charging mode. Varying these propertiss of the current can alter the power
supplied 1o the battery, keeping it within safe limits while minimising the battery

chargs time.

Optionaily, the system further comprises & clock, wherein the cdlogk is
configursd to mesgsure the time the batlery has bsen charging, thersby to
determing a charge received by the baltery. Thig allows the stale of charge of

the battery to be monitored.

To snable seif-leaming and updaling, the control unit can be configured to
store a plurglity of the determined properties of the battery in 8 database

and/or kok-up table.
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According fo a further aspect of the prasent disclosure, there is provided &
meathod for monitoring the internal impedance of a batlery during charging, the
method comprising the steps of: providing a time varying current {o the ballery;
measuring a change in current substantially continuously, measwring a
corrgsponding change i voltags substantially continuously;, and detsrmining
the intermnal impedance of the batlery from the change in currant and the

corresporkding changs in vollage.

Optionally, the time varying current is provided in the form of an oscillating DC
waveform. Qptionally, at least g portion of the waveform has substantially the
form of squared sine wave, Thase wave Torms can provide favourably battery
charging whils being simpls to generata,

Optionally, for accuracy the wavefarm has & minimum occwrring & a current
value of less than about 0.5 amps, preferably less than about 0.1 amps, more
preferably about zerg amps. This can reduce the effects of static build andlor
an internal potential up on the measurement of the current changs and voltage

changse.

Optionaily, the impedance is determined at al lsast the frequency of the
waveform. This provides a substantially continuous determination of tha

battery impeadance,

Optionally, the change in current and/or changs in vollage sre measured
during a nising portion of the waveform. For aceuracy, the change in current
and/or change in vallags arg measured starting atl a wayeform minimum. The
waveform minimum provides a8 conveniert start point for measurements, and
can result in greater measured changss in current, and therefore a reduced

fractional error.



17 02 22

5

10

20

{3
L]

10

For flexibility, the changse in current andfor change in voltage are measured

during a falling portion of the waveform.

According to a further aspect of the prasent disclosure, therg is provided a
battery charger, the battery charger being adapted o provide a current with an
osciflating waveform, wherein the waveform minima are at or near JA
Opticnaily, the waveform minima ars at less than Q. 1A, muore preferably af less
than O.01A and vet more preferably at less than 0.001A Providing waveform
minima at or near 0A can reduce the bulld-up of static charges and/or intemal

potentials in the battary.

Opticnaly, the peak-lo-peak curent is greater than 1A, and preferably
between sbout 10A and about 30A. Providing 8 large pask-to-pegk current can

incraase the accuracy of the impadancs measuramesnt.

For accuracy, per oscillation cycle of the waveform at least 0.5 ms are at or
near 04 preferably at least 1 ms more preferably at Isast 5 ms, and yet more

preferably at least 1ims.

For accuracy, per osaillation cycle of the waveform at least 0.5 % of the cycle
pariad is at or near OA, preferably at least 1 %, more preferably at least 8 %,
and yet preferably at least 10 %.

According to a further aspeact of the present disclesure,  there is provided a
meathod of charging 2 battery, the method comprising converting an AC power
sourcs 1o 3 charging currsnt to a balisry, wharein the currend has an osciligting

wavelform, and the wavelorm minims are at or near GA.

Qptionaily, the waveform i3 according 10 one or more of the waveforms
described abova in relation to ather agpacis of the disclosure.



17 02 22

5

10

20

{3
L]

1

An aspect of the present invention provides a battery charger for providing a charging current to
a battery, the battery charger comprising a swilched-mode power converier and a controller
adapted to vary the swilching frequency, 1o provide a cuivent in the form of a squared sine wave,
wherein the controller is adapted to vary the switching frequency in dependence on a voliage
oscillation of an AC power source, wherein the conirolier is adapted o vary the switching
frequency at least 100 times during each voliage oscillation.

By varying the switching frequency the current provided
can vary over time; this can enable providing a current with a squared sine wave

form, Batlery charging with a squared sine wave form can be beneficial for a

number of reasons including optimisation of current uptaka by the battery,
reduction of battery heating, svaluation of batiery health, reduction of battery
charging time, and optimisation of batlery iifespan.

The controller may be adapted o vary the switching frequency

after one or more oycles of the switched-mode power converter. By
varying the switching frequsncy redatively frequently,
smacth wave forms can be achisved. For smooth wave forms the controller
may be adapted o vary the swiiching frequency after

gach cyole of the switched-made power converter.

The controlleris adapted to vary the switching frequency

in dapandence on g voltage oscillation of an AC power saurce. This can
snable efficient genaration of an oscillating current wave form. Because of the
dependency a high power factor can be achieved. This can awoid the
neceassity for power factor correction hardware, which can be bulky, large, and

hegvy.

The controller is adapted {0 vary the switching frequency

multiple times during each voltage oscillation of the AC power sowrce,
optionally at least 300 times during each voltage oscillation,
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optionally at least 800 times during each voltage

oscillation. This can enable good replication of the voltage oscillation,

For accurscy the battery charger may further comprise a voltage sensor
adapted to provide an indication of a voltage of an AC powsr source o the
controller. For accuracy the voltage sensor may be adaplad 1o sensa the

voltage al least as often as the controller varies the switching freguency.

The switching frequency may be vared in dependence
on a rectified (preferably full-wave rectified} voltage oscillstion of the AC power
sowrce. Rectification can double the oscillation frequency and eansure the
oscillation doss not change polarty, which s favourabls for varying the

switching freguency in depandence on the voltage oscillstion.

The sguared sine wave form may have a frequency of about an integer multiple of a
frequency of the AC power source, preferably about twice a frequency of the
AG power source. This can provide particularly efficient generation of an
oscillating current wave form with a particularly high power factor. For
efficiency the squared sine wave form may be locked {0 a freguency of the AC

power solirce.

The current wave form is in the form of a squared sine wave. This wave form can provide
favourabie battery charging while being simple {o generate.

The swilched-mode power corvertsr may be g flyback transformer. A flvback
transformer can accommuodate a suitable switching frequency
range. For effectiveness the switchaed-mode power converter may be

adapted for oparation in a oritical conduction mode.
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The swilching frequency may ba varied within a range of
1 to 1000 kHz, and preferably within a range of 10 to 500 kHz, and mors
oreferably within & range of 40 o 200 kHz. This is comparatively higher than
typical mains power supply frequencies of 50 or 80 Hz and rectifisd
frequencies of 100 or 120 Hz, and s0 can enable smocth generation of desired
wave forms with frequencies between 25 and 150 Hz.

For adaptability the controller may be adaptad to vary the swilching frequency

in dependence on a desirad maximum charging current
o & batlery. The desired maximum charging current may be depsndent on one
or maore off g baltery temperaiure, a battery vollage, a batlery current, &
battery voltage change; a8 battery current change;, a baltery impedance; a
charging time; and an gccumulated batlery charge. These can be particularly
indicative of conditions o circumstances where a relatively high or low

charging current might be advantagesus.

The controller may be adapted (o vary the switching frequency

such that a minimum charging current provided to a battery s less than
14, preferably less than 0 1A, mre praferably lass than 0.01A and yat mare
preferably approximately DA This can reduce hysteresis effects and enable
favourable battery behaviour and charging.

The controller may be adapted o vary the swilching frequency )

such that a peak-to-peak current provided to a baltery is greater than 14
and preferably between about 10A and about 30A. This can enable affactive
charging of batterigs such as ithium-ion baltenies, batisriss for hand-held

devices without excessively high and dangerous currents.

The batlery charger may further comprise g smogother adapted (o smooth the
output currant from the power converter. This can enable generation of a
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smocth wave form from g reciified wave form. A smooth wave form is

favourable for battery charging as # can enable effective charging.

According to another aspect there is provided a method of charging a batlery, comprising:
converting an AC power source {o a charging current 1o a battery with a switched-mode power
converter; wherein the switching frequency is varied in dependence on a squared sine
waveform, wherein the switching frequency is varied in dependence on a voliage oscillation of
the AC power source, wherein the swilching freguency is varied at least 100 times during each
voltage oscillation.

By varving the switching frenquency the current provided
can vary over time; this can snable providing a current with a squared sine wave
form. Battery chaming with & squared sine wave form can be beneficial for a
number of reasons including optimisation of current upltake by the battery,
reduction of batlery heating, evaluation of battery health, reduction of batiery

charging tims, and optimisation of battery iifespan.

The swiiching frequency may be varied after one or mors
cycles of the swilched-mode power converier, preferably after sach
cycla. By varying the swilching fraquency relatively frequently, smooth wave

forms can he aschievad.

The swilching frequancy is varied in dependancs
on a voltage oscillation of the AC power source. This can ensble sfficient
generation of an oscillating currant wave form. Berausa of the dependancy a
high powsr factor can be achieved This can avoid the necsssily for power

factor correction hardware, which can be bulky, large, and heavy.

The switching frequency 8 varied muitiple times

during each vodtage oscillation of the AL powsr source,

praferably al least 200 times, and yel maore preferably st least 800 times during
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aach voltage oscillalion. This can enable good replication of the vollage

oagillation.

For accurgoy the method may further comprise sensing a voltage of an AC
power sawrce and varying the swilching freguency in
dependence on the voltage, and preferably comprising sensing the valtage at

lwast as often as the switching fregquency is variad,

The switching freguency may be varied within a range of
1 to 1000 kHz, and preferably within a rangs of 10 to 800 kHz, and mure
praferably within a range of 40 to 200 kHz, This is comparatively higher than
typical mams powsr supply frequencies of 50 or 80 Hz and rectified
fraquencias of 100 or 120 Hz, and s0 can enable smooth generation of desired

wave forms with frequencies betwsen 25 and 150 Hz.

Tha swilching frequanay may be varied in dependence
on a rectified {preferably fullwave rectified) voltage oscillation of the AC power
source. Rectification can double the oscillation freguency and ensurs the
ascillation does not change polarity, which is favourable for varying the

switching frequency in dependence on the voltage oscillation.

For adaptability the swilching frequency s may be varied in
dependence on a desired maximum charging currant 1o a battery, optionally
wherein the desired maximum charging current is dependent on ang or more
of a batfery temperatire; a battery voltage, a battery current, a battery voltage
change; 3 battery current changs, a ballery mpsedancs; a charging time; and
an accumulated battery charge. These can be particularly indicative of
conditions @r circumstances whers a relatively high or low charging current

might be advaniageous.
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The switching frequency may be variad such that a
minimum charging current provided (o a battary 1s less than 14, preferably less
than 014, more preferably less than 0.01A and yel more preferably
approximately 0A. This can raduce hysteresis eifects and enable favourable

battery behaviour and charging.

The swiching frequency may bs varied such that a peakdo-peak ocurrsnt
provided to 8 battery is greater than 1A, and preferably between shout 10A
and about 30A.

Ancther aspect of the disclosure provides a battery charging system
comprisig one or more of the following features:

+« @ transformer, preferably ncluding a first primary winding andfor a first
secondary winding:

« @ primary switch device, the primary switch device preferably being
corfigured to control electrical current deliversd o a transformer, for
axample o a first primary winding, from an glectrical power suppiy,

¢+ tgminals configured (o receive electrical power from a transformer, for
axample from a first secondary winding of a transformer, and configurad
{0 be connacted o a batlery ©© be charged,

¢« a conbrol sub-systarm configured 1o contral the operation of a primary
switch devics;

s a control sub-system configurad to control g primary swilch devics such
that a transformey provides slectrical power to ferminals with an
glectrical current wavsform which has a peakido-peak current of greater
tharn about 14,

+« a control sub-system configured to delermine the elecirical impedance

of & battery to be charged using an electrical currant wavsform,
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a control sub-system configured to control @ primary switch device
based at lsast in part on a determined slactnical impedance of a batiery
o be charged,;

an electrical currant waveform having a frequency of greater than about
S0Hz, preferably about 100Hz to 120Hz,

an electnical current waveform having g peak-to-pask current of abouwt
104 to about 30A;

an elsctricgl current waveform varying betwesn 2 low current of abouwt
OA and a peak current;

an electrical currant waveform having a fraquency which i3 substantially
twice a frequency of the slecirical power supply;

a primary switch device operated according to a frequency andior duty
cycle which is varied basad at least in part on an determined electrical
impedance of the baltery to be chargsd;

an envelope of one or morg pulses of electrical current delivered 10 &
transformer substantially follows & voltage waveform of the slectrical
powWST supply:

atransformer is a fivback transformer:

gn electrical impedance of a baltery o be chargad is determined at a
frequency of greater than about 80 Hz, and preferably at a frequangy of
botween about 100 Hz and about 120Hz;

a transformer baing connactable 1o a ractified AT slectric power supply;

& control sub-system configursd {o control a primary switch device such
that a transformer provides slactrical power {0 terminals with an
slectrical current waveform which has a substantially reclified sine
wavefarm currert andior a constant root mean square sine waveform;

a control sub-system configured to control g primary switch device such
that a transformsr provides electrical powsr 1o terminals with an
glectrical current waveform which has a frequency which is substantially

twice a frequency of a voltage of an AC electric power supply.
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a control sub-system configured to control a primary switch device to
actuate the primary swilch device betwesn on- and off-siales st
frequencies which vary aver time; and

a control sub-system configured to control a2 primary switch device {0
aotuate the primary swilch device between on- and off-staies gt
frequenciss which are depsndent on g magnitude of a voltage of an AC
electric power supply and/or a magnitude of g batlery current and/or on

a magnitude of a batlery vollage.

a mathod of operating a batlery

charging system comprising one or more of the following features:

&

the batlery charging system includes a transformer, preferably including
a first primary winding, & first secondary winding,

the battery charging system includes a primary switch device, the
primary switch device preferably being configured to contral electrical
current delivered to g first primary winding from an alectnical powsr
supply;

terminais configurad o receive alectrical power from g first sscondary
winding of a ransformsr and configurad to be connesclad to a battery (o
be charged,

& control sub-systern configurad to control the operation of the wrimary
switch device:

controlling & primary switch device such that a transformer provides
glectrical power o lerminals with an elecirical current waveform which
has & peak-to-peak current of greater than about 14;

determining an electncal impedance of a batlery to be charged using an
electrical current wavsform;

controlling & primary swilch device further based at least In part on a
detarmined electrical impeadance of a battery o be charged;



17 02 22

10

{29
<O

s controliing & primary switch device includes controlling a primary switch
device such that an electrical current waveform has a frequancy of
gregtey than abouwt 80Hz, and preferably about 100Hz to 120Hz;

s controlling a primary switch device includes controfling a primary switeh
device such that an elecirical current waveform has & peak-lo-peak
currant of about 10A to ghout 304,

« controlling & primary switch device includes controlling a primary switch
device such that an electrical current waveform varies betwsen g low
currant of about U4 and a peak current;

« controlling a primary switch device includes controlling a primary switch
device such that an electrical current waveform has a frequency which
18 substantially twice & freguency of an elactrical power supply,

= controlling a primary switch device further includes controlling the
primary switch device such that a frequency andior duty cycle of the
primary swilch device is varied based &t igast in part on g determined
glectrical impedance of a baltery to be charged;

e controlling the primary swilch device includes controlling the primary
switch device such that an envelope of one or more pulses of electnical
current delivered t© a3 tansformer substantially follows 2 vollags
wavatorm of an slectrical power supply, and

+ an electrical impadance of a baltery 1© be chargaed s datermined at a
frequency of greater than about 60 Hz, and preferably al a freguency of
betwaen about 100 Hz and about 120Hz.

As used herein, DO preferably refers to a voltage andior a current with a
constant polarity. A DG voltage andior aurrent may vary in tims, for example in

& pulsating, oscillating, or otherwise varying waveform.

In a switched-mode power corwerter, variation of the swilching frequency

results in varigtion of the duty cycle, and vice versa, Variation of the swilching
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frequency can be achieved by varying the duty cycle, and vice versa. YWhere
vanation of the switching frequency is referred 1o hergin, it may be substituted

by varigtion of the duty cycla.

The disclosure axtends to a battery charger andfor battery charging system
substantally as herein describad andfor as illustrated with reference o the
figurss. The disclosure glso extends o a method for charging a baltsry
substantially gs herein described andfor as dlustrated with reference to the
figures. The disclosure also extends to a method for determining the impedance
of a baltery substantially as hersin described andior as lustrated with
reference o the figures.

Any apparatus feature as described harein may also be provided as a method
feature, and vice varsa. As used hersin, means plus function features may be

axpressed alternatively in terms of their corresponding structurs,

Ay feature in ong aspect of the disclosure may be applied to other aspects of
the disclosure, N any appropriate combination. In particular, method aspects
may be applied (o apparatus aspedts, and vice versa. Furthermors, any, some
andfor all features in one aspect can be applied o any, some andfor all

features in any other aspect, in any appropriate cambination.

it should also be appreciated thal particuiar combinations of the varinus
features described and defined in any aspecis of the disclosure can be

implameanted and/or supplied andfor used independantly.

Embodiments of the presentdisclosure are described, by way of example only,

with reference 1o the accompanying drawings, in which:

Figures 1a and 1b schemalically show what is believed o be oconurring during

conventional charging of a battery,;
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Figure 2 shows an embadiment of the present disclosure;

Figures 3a-3f show graphical representations of currents and voltages during

opgration of smbodiments;

Figures 4-7 shows a ballery charging systam sccording to some smbodiments

and paris thereof,

Figures 8-10 show the current through a first primary winding of & flyback
ransformer during 2 charging cycie according 10 some ambodiments; and

Figures 11a-11c show graphical representations of the slectrical current
delivered 10 a batlery, the electrical voltags across the battery terminals, and

an sxtracted ripple voltage signal,

Figure 12 shows 3 step-by-siep procedure for charging a batlsry.

Figure 13 shows a schamatic sxample of a single cell battary controd wnit in

use.

Figure 14 shows a schematic example of a multi-cell batiery condrol unit n

use:

The term "battery” as used herein is to be interpreted as referring to one or
mare colls Capable of storing elecinical chargs and capable of being recharged
following discharge of thatl slectrical charge.  If the batlery includes mulliple
cells, then those cells may be conmnacied together in a circult o form the
battery. The circuit may be g series circuil {in which the cells are connedied
together in series), or a paraliel creuit (in which the cells are comneacted

together in paraliel}, or a series-paraliel circuit {in which cells are connecied
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togsther in series with multiple groups of series comnscied cells connected in

paraliel with sach other), or any combination of such circuits.

The terms "batlery terminals”, “hatlery terminal”’, "terminal of a batiery”, and
“erminals of a batteny” as used herein are to be interpreted as refemring o
electrical terminal or terminals of the battery through which slectrical power
may be delivered by the batlery {0 ong or more circuds andlor through which
glectrical power may be provided to the bettery in order 1o recharge the

battery,

The terms "anode” and "negstive electrode” are used herein substantially
interchangeably and are {0 be interpreted as refersncas to the intemnal parts of
a cell which form the anode of that cell.  Similarly, the tarms “cathode™ and
‘positive slectrode” arg used herein substantially intsrchangeably and are {o
be interpreted as references to the internal parts of a call which form the
cathode of that cell.

Embadiments of the disciosure will be described with reference to a "battery”
ot It will be appreciated that this s typically a reference the operation of and
processes in 2 single cell, and thst a ballery comprising mulliple cells may
have a corresponding plurality of ancdas and cathodes and similar operations
and progesses may be occurring in each cell of the battery.

& battery (and, therefore, a cell) as described hersin may be a lithium on
battary {or cell} but it is envisaged that embodimeants of the present disclosure
may be used with other forms of batlery (and cell} too,

With reference to figures 1a and 1h, and again without wishing t© be bound by
theory, these figures schematically show what is belisved 1o be ocourring i &
battary during a oconventional charging cycle using & constant ourrent

operation.
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As can be seen from figures 1a and 1h, a battery 1 includes a cell 11 and that
cell 11 includes an anode 111 and & cathode 112 i an eleciiolyte 115, A
separator 113 may positioned betwesn the annde 111 and cathode 112, The
anade 111 may be connecied in slectrical communication with a negative
terminal 12 of the battery 1 and the cathode 112 may be connectad in

slectrical communication with a posttive terminal 13 of the battery 1.

A solid-electrolvte interphass (SED layer 114 is located at or towards the
houndary of the anade 111,

During charging of the baltery 1, an electrical voltags is applied across the
tarminals 12,13 of the baltery 1 to cause ions 3 1o pass from the cathode 112,
a.g. through the separator 113 and electrolvte 1158 to the ancde 111 and
through the SEI layer 114 to intercalate in the anode 111 {during dischargs, of
course, the flow of jons 3 is in the opposite diraction within the battery 1}

it is believed that the ions 3 cannot intercalate in the anode 111 as quickly as
they are supplied to the SEI layer 114 under a corvertional charging cycle
during a constant current operation. Therefore, a pile~up of ions 3 cccurs at or
fowards the boundary of the anode 111 (le. in the region of the SEI layser 114).
This is schematically represented in figure 1h.

As explained herein, & is belisved that this — in tum — increases the slectrica
resistance within the battery 1 andlor causes growth of the SEl layer 114, This
5 belisved {0 cause additional heating of the batlery 1 during the charging
cycle which, agsin, has an impact on speed st which the baliery 1 can be
charged the nature of the charging cycle which can be used, the efficiency of
the charging process, the safety of the charging proceass, and/or the lifespan of
the battery in terms of the number of charging oycles which the battery 1 can

undergo before charge capadity drops below acceptable lavels.
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With refarence to figurs 2, embodiments of the present disclosure, thareforeg,
nclude a battery charging system 100 which is configured 1o supply electrics
current o the battery 1, also referred to as g charging current, whergin the
glectnical current may be of a waveform of varying amplitude with a gensrally
NON-Zero mean average current and may be a waveform with a substantially
constarnt mean average curerd {and that waveform may be substantially
sinusoidal for example). Further examples of 8 suitable waveform include an
oscillating DC waveform or a pulsed DC waveform. Such a waveform can, for
example, be supplied by a switthed-mods power converter along with a
controlier sdapted o vary the switching frequency 10 provide a current with a

dasired waveform.

Figures 3a-3¢ show the elsctnical current deliversd o the baltery 1 by the
baitery charging system 100 of some embodiments (figure 38}, the voltage of
the mains power supply 102 (figure 3b), and the current drawn from the
slectrical power supply {figure 3¢, for a maing powsr supply 102 with an RMS
voltage of about 85Y. Figures 3d-4f show the slectrical current delivered to the
hattery 1 by the battery charging system 100 of some smbodiments {figure
3d), the vollage of the mains power supply 102 {figlre 3¢}, and the current
drawn from the electrical power supply (figure 31), for @ mains power supply
102 with an RMS voltage of about 285V,

The frequency of the electrical current supplied to the batlery 1 by the battery
charging system 100 may be generally about twice the frequency of an
slectrical power supply 10 the batlsry charging system 100 and/or the slectnicsl
current supplied to the battery 1 by the ballery charging system 100 may have
a waveform substantially corresponding to a rectified form of a waveform of a
supply voltage (e.g. a fullbwave rectified form). The freguency of the electrical
curent supplied (o the battery 1 may e, Tor example, T00Hz or 120Hz, The
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magnitude of the current supplied fo the batlery 1 may be generally equal o

the peak current suppliad {o the battery 1.

Accordingly, in embodiments of the present disclosure, the baltery charging
system 100 may be configured @ supply slectrical power {0 the baltery 1
during & charging cycle in a first operation as describad sbove. The battery
charging system 100 may be configured {0 supply sleclricsl power o the
battery 1 during the same charging cycle in 8 second operation in which, for
example, the electrical power is supplied with a substantially constant voliage

or evan & constant powsy,

As can be sesn from the examples in figures 3a-3¢ and 4a-4¢, the slecirical
power supply voltage (V) may be typical of the mains AD electrical supply
yoltags which is availabls in many countrias — the voltage and frenusncy of
which may be different in different countries {e.g. 85-28&8Y RMS, and 50-
B0Hz). Ve I8, therefore, typically of sinuscidal form centred on OV, The
slectrivcal current {lys) supplied (o the battery 1 may have a waveform which
has a frequency which is related o that of V. and which may be, for example,
substanially twics the frequency of Ve, or about an integer mulliple of the
frequency of Ve The elecirical current (k) supplied to the baltery 1 may
have a en-zerd mean average {(Le may hava an offsst from 0A) and may b
of a generally sinusoidal form — as described hergin.  The elecirical current
{la) may be generally of the form of a fullwave ractified waveform  of the
supply voltage Vi and so0, in some embodiments, the lower peaks of the

waveform may be sharper than depicted in figures 4a and 4b, for example.

The waveform of the electrical current, lpa, supplied to the batlery 1, may vary
hetwaen a low current (Le. the lowest curent of the waveform) and a paak
current {ie. the highest current of the wavelorm). The low current may be
substantially 0A. The peak current may be betwaen about 1A and about 30A,
or betwesn about 104 and sbout 304, or between aboul 20A and about 30A
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The pesk-to-paak variation in the electrical current, ha, supplied fo the batlery
1 {i.e. the difference between the peak current and the low current) may be
greater thao abaud 1A, or greater than about 104, or greater than about 20A or
about 20&. Generally this peak battery charging current is about 10 times the
capacity of the batlery. For example, the batlery we uss is 208 Ah. Thus the
peak currant is about 26 Amps, giving an average battery charging current of

about 1€ Amps.

The waveform of the electncal current, L, may repetitively osciliate betwesn
the low current and the peak current. I some embodiments, this waveform is
a substantially smooth waveform.  In some embodiments, the waveform is
substantially a fullwave rectified sinusocidal shape. In some smbadiments the
waveform pariiglly has the form of 8 reclified sing wave and partially has the
form of a sine souared wave. For example, the portion of the waveform around
the waveform maximum can have substantislly the form of 8 rectified sine
wave, while the portion of the waveform argund the waveform minimum can
have substantially the form of a sine squared wave {also herein referred to as

a squarad sine wave).

it 15 believed that the provision of the non-zeros mean electrical current
wavefarm (le) 10 tha battery 1 during charging, helps to reduce the pile-up of
ions as described above. This, in turn, reduces the eleclrical resistance of the
hattery 1 during the charging oycle.  This improves the efficiency of the
charging of the baltery 1, raduces the heat generated during the charging
orocess and enables safer charging of the battery 1, with a higher oversli
charging surrent.  In addition, the first operation of the charging oycle can be
usad urtll the batlery 1 is at a greater relative level of charge (o.g 80% or
mors, or 90% or more of the total charge capacity, or batween 80% and 25%
of the total charge capscity) than with some conventional charge cycles,
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be omitted entirely.

Some embodiments may include & third opgration of the charge cycle in which
alecirical power is occasionally {e.g. periodicallyy supplied {0 the battery 1 {o

compensate for self-discharge of the battery 1.

As will be appreciated, the battery charging system 100 may be implementad
in a number of different manners. However, in some embodiments, additiona
advantages can be achieved by implementing the batlery charging system 100
ir accordance with particular embadiments described harain — ag will becoms
apparernt.

With reference to figures 4-7 embodiments of the battery charging systsm 100

ars discussed in mors detgil.

Some embodiments of the battery charging system 100 may include a flyback
transformer {also referred 1o hersin as a flyback converter) 101, The flyback
transformer 101 may be configured o be connecisd i elactrios
communication with a mains power supply 102, The mains power supply 102
may be an AC mains power supply delivering slectrical power at the supply
voltage Ve The battery charging system 100 may include g rectifier circutt
103 which is configurad to receive alectrical power from the mains power
supply 102 and to rectify the electrical power from the mains power supply 102

for delivery to the fivback transformer 101,

An slactromagnetio interferance filter 104 of the batltary charging system 100
may be connectad i electnical communication behwesn the maing power
supply 102 and flyback transformer 101, In some embodiments, the
glectromagnetic interfarence filter 104 and the rectifier oircult 103 may be

combined into 3 single cirouit.
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The battery charging system 100 may further include a snubber cirouit 105,
The smubber cireuit 105 may be connected between the mains power supgply
102 and the flyback fransformer 101, and in particular may be connected
bebwesn the electromagnstic interference filter 104 andlor the rectifier circuit
14038 and the flyback transformer 101, The snubber circuit 105 may be
configured {0 stlenuale vollage spikes which might otherwise damage a
grimary switch device 101a of the flyback transformer 101 andior may be

configured to re-circulate current from the fiyback transformer 101,

Tha primary switch device 1018 of the flvback transformer 101 is configured o
control the delivery of slectrical powsr from the maing powsr supply 102 {and,
for example, the rectifier oircuit 103 andior glectromagnetic filter 104 andior
snubber circuit 105) & & first primary winding 101b of the fiyback transformer
101,

The flyback transformer 101 further includes a first secondary winding 101¢ —
the flow of electrical current through the first primary winding 101D being
configured o induce the flow of an electncal current i the first secondary

winding 101

The firat secondary winding 101¢ is connecisd in slectrical communication with
an output rectifier circuil 108 which is configured {0 ractify the sleclrical power
output from the flyback transformer 101 (e the slectiical current induced In

the first secondary winding 101¢).

The batlery charging system 100 includes ferminals 107 which are configured
to be connected o the terminals 12,13 of the battery 1 {in some embodiments,
the terminals 107 of the batlery charging sysiem 100 may be configured for
selective connection 1o the terminals 12,13 of the battery 1), The lenminals

107 of the battery charging system 100 are connected i1 electricsl
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communication with the first secondary winding 101c. The connection is vig
the output rectifier circuit 108 such that the output rectifier circuit 108 is
configurad to rectify the sisctrical power oulput by the first secondary winding
101¢ for delivery o the battery 1 {which is connected 1o the lerminals 107 of

the battery charging system 100,

In sume smbgdiments, the oulput rectifier ciroult 108 & a synchronous rectifier
circult which includes one or more switch devicas ~ such as a ransistor device
{e.g. a MOSFET).

in some embodimeants, the baltery charging systern 100 may include a
smoothing circuit 108 which is connected in slectncal communication betwaen
the first secondary winding 101¢ and the terminals 107 of the haltery charging
system 100, The smoothing circuil 108 is configured o filter andfor smooth
the current and/or voltags of the electrical power which iz delivered o the
terminals 107 (and s¢ on 1o the batltery 1) of the battery charging system 100

In some embodiments, the smoothing oircuit 108 may include one or more
capacitors and/or inductors.  In some embodiments, one of more capacitors
are provided and are connectad in parallel between the lerminals 107 of the
battery charging system 100, such that the capacitors formy a bank of
capacitors.  In some embodiments, which may o may not include a bank of
capacitors as part of the smoothing circuit 108, the smoothing circuit 108
includes at least ong industor which is connacted in series batwesn the first
gacondary winding 101c and one ¢of the tlerminals 107 of the battery charging
systerm 100

The one or more capaciiors of the amoothing circuit 108 may include one or

more polymer electrolyvlic capscitors and may have a low intemsl resistance

along with baing capabla of high ripple current.
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The patiery charging system 100 may further include, in some smbodiments,
an isolation switch 108 which i3 configured fo disconnect ong or both of the
terminals 107 of the baltery c¢harging system 100 from  electrics
communication with at least the first secondary winding 101c but may also
disconnect the or sach tarmingl 107 from slectricsl communication with the

ouiput rectifier circuit 106 andior the smoothing circuit 108 (or & part thereof)

The batlery charging systam 100 may further include a control sub-sysiem
110, The contral sub-system 110 is configured to control the operation of the
baltery charging system 100 including, for example, one or more of the fliyback
transformer 11 {e.g. the primary swilch device 101a thereof), the rectifier
circuit 103, the output rectfier circud 108, and the isolation switch 109

The cortrol sub-systam 110 may further include one or more sensor circuits
andior elements which are sach configured {0 measure andior determing one
or maore properties associated with the operation of the baltery charging
systemt 100 andior the baltery 1 such that the control sub-system 110 can
contrad the operation of the battery charging system 100 based, at least in part,
an the information recelved from the one or mure sensoy circulls andlor
elements. For example, properties of the charging current can be vared in
depandence on the determined proparties, such as the batlery impedance for
sxampie, that are determingd substantially continuously during charging.

The one wr more sansor circuits andfor elements may include an slectrical
supply voltage sensor circuit 1111 which 18 configured o sense an electrical
voltage of the maing slsctiical supply 102 — which may be the vollags afler
rectification by the rectifier circuit 103, F provided.  The electrical supply
voltage sensor circuit 1111 may include a potential divider cireuit which s
corfigurad o reduce g voltage 1o a level which can be used by other parts of

the control sub-gystem 110,
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The one or more 3ensor circulls and/or elements may include a primary
winding current sensor circuit 1112 which is configurad to sense an electrical
currernt dsliversd o the first primary winding 101b of the flyback transformsy
101, The primary winding currant sensor circurt 1112 may include a shunt
circult, for sxample. The pnmary winding current sensor airgul 1112 may be
configurad to sense an slactrical current passing through the primary switch
device 101a from the first primary winding 101b {o ground or o the mains

power supply 102

The one Oor more sensor cirouits andior elemsnis may include a battery
terminal voltage sensor circuit 1113 which is configured {o sense an electrical
voltage, Ve, a0ross the terminals 107 of the battary charging system 100 and,
hence, across the terminals 12,13 of the battery 1 connected thersto. The
hattery terminal voltage sensgr circut 1113 may includs a potential divider
circuilt which is configured fo reducs the voltage to a level which can be used
by other parts of the control sub-system 118

The one or more sensor circuits andfor elemants may include a battery
twminal current sensor aircult 1114 which is configured 10 sense an slactrios
current deliverad 1o or returned from at least one of the teminals 107 of the
battery charging system 100 and, hencs, deliverad (o the batltery 1 connacted
thereto. The baltery fenmina! current sensor circuit 1114 may nclude a shunt
circuit, for example. The battery terminal curreant sansar circuit 1114 may be
configurad o determing an electncal current passing through the output
rectifier circuit 108 from a terminal 107 of the battery charging system 100 to
the first secondary winding 101¢ of the fiybadk lransformer 101,

The control sub-systam 110 may, in soms embodiments, include a primary or

input side controlier 1115 and a secondary or cutput side contraller 1116, The

primary side controller 1115 may be configured ¢ communicate with the

output side controller 1116, andfor vice versa, through a8 commustication
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channal which may include an opto-coupler circuit 1117, The oplo-coupler
circuit 1117 may be configured 1o allow communication between the primary
and sscondary side cortrollers 11151116 whilst kesping the two controllers
11151118 electrically isolated.  As will be appreciated, therefors, the oplo-
coupler circuit 1117 may includs a light emitting diods controlled by the
primary side controller 1115 and a phototransistor connectad o the secondary

side controller 1118,

In some embodiments, a second primary or first “bias” winding 101d s
provided as part of the fiyback transformer 101, The second primary winding
10d may be configurad, in assogciation with the first primary winding 101k,
such that & current passing through the first primary winding 1010 will also
mduce a current i the second primary winding 101d.  The glectrical power,
thersfare, induced in the second primary winding 101d may bs used o provide
electrics! power to one or more of the parts of the control sub-system 110 —
2.g to the primary side controller 1115, A first bias circuit 101e may be
provided to ensure the comect delivery of electrical power to the primary side
controller 1115, The voltage of the cutput from the second primary winding
101d is refarred (o herain as the "primary blag voltags”, Viuspivary. Basides,
the second primary, or first bigs winding is used o delect the magnetic state of
the fliyback transformer, thus assuring the coritical conduction mode of

gpergtion of the fivback converter,

In some embodiments, the flyback transformer 1071 may include a sscond
gacondary winding 101g or sscond "biag” winding. The second secondary
winding 101g may be configured, in assodiation with the first primary winding
101b, such that a current passing through the first primary winding 101b will
alse induce a current in the second secondary winding 101g. The electrical
powsr, therefore, induced in the second secondary winding 101g may be used
{0 provide electrival power o ong or more of the parts of the control sub-

sysiem 110 ~ &.g. 1o the secondary side confrofler 1116, A second bias circuit



17 02 22

5

10

20

{3
L]

33

1011 may be provided to ensurg the correct delivery of slectrical power to the
secondary side controfler 1118, The voltage of the output from the second
secondary winding 101g is referred o hersin as the “secondary bias voltage”,

Vbia&ssﬁcandafy

in the depittad embodiment, the first and second bias circuits 1Mef are
depicted in multiple parts for simplcity of the representation. It will be
apprecisted, howsver, that they may be respective single circuits or

connections.

The secondary side controller 1116 18 configired o compare a signal
representative of the vollage of across the terminals 107 of the battery
charging system 100 {(a.g. the cutput from the battery terminal vollage sensor

circuit 1113) with a batfery terminal reference voltage.

The sacondary side controlier 1118 may be further configurad to compars a
signal represertative of the current delivered {o or returnead from at least one of
the terminals 107 of the battery charging systemn 100 {&.g. the output from the
hattery termingl current sensor circult 1114) with a battery reference currand.

Tha secondary side contraller 1118 may be configured o uss the resulls of the
voltage andior current comparisons in arder to determine 8 mode of operation
for the batlery charging system 100 This mode of operation may include
determining which of the first, second, or third operation of the charging oycle
to use. In some embodiments multiple charging modes andfor duty cycles are
available.

I some ambodiments, the secandary side controllar 1118 may be configurad
to receive a signal indicative of the temperature of the battery 1 —~ e.g. from a
baltery temperature sensor 1118 configured 1o sense g temperature of the

battery 1 or a paramstsr representalive of that temperaturs and o oulput &
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signal accordingly. The secondary side controller 1118 of these embodiments
may use the signal indicative of the temperature of the battery 1 to determing
which of the multiple operations of the charging cycle to use {(in addition to or

as an altemative 1o using the comparisan or comparisons discussad gbove).

The secondary side contralier 1116 is, therefore, configured to cutput 8 control
signal, €. This control signal, C, may be communicated o the primary side
controlier 1115 {s.g. via the oplo-coupler circuit 1117 and the primary side
controlier 1115 may use this contral signal, ©, to control the operation of the

fiyback transformer 101 — as dascribed herein,

The sscondary side controller 1116 may be further configured to operats the
igolgtion switch 108 F one or more pradeterminad conditions ooy and these
may include ona or mare of & particular current daliversd 1o or recaivad from
the battery 1 exceseding or falling below a predeiermined threshold current,
andfor a voltage across the terminals 12,13 of the battery 1 exceeding or
falling Lelow a predetsrmined thyeshold vollage, andfor the batisry
temperature  falling below or exoeeding a predeterminsd  threshold

tempearatuye.

Tha secondary side controller 1116 may be configured o cortrol the operation
of the output rectifier circull 108 {which may be a synchronous reclifier circuit)
based on the output of a signal indicative of the electrical current delivered to
the terminals 107 of the battery charging system 100 {ie o the battery 1
comnected thereto) and/or based on a signal indicative of the current passing
through the audput rectifier circuit 106, This signal may, as will be apprediaisd,
be the outpul from the battery terming! current sensor circuit 1114, In some
embodiments, the secandary side cantroller 1116 is configurad o actuate the
aulput rectifier circuit 106 to an on-siste when the flvback transformer 101 is
discharging to the lerminals 107 of the battery charging system 100 and o
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disable the oulpul rectifier circuit 106 {o an off-state when the flyback

transformer 101 is not discharging to the terminals 107,

The primary side controfler 1115 is configured to control the operation of the
fiyback transformer 101 and, i particular, {0 contrel the actuation of the
primary switch device 101a. The primary side controller 1115 is configured to
control the operation of the flyback transfarmer 101 bassd at lgast in part on
one or more of the control signal, €, a signal representative of the slactrical
current delivered to the first primary winding 10k {e.¢. the output of the
primary winding currsnt sensoy circuit 11132), a signal representative of the
electrics! voltage (Va,) of the mains power supply 102 after rectification by the
rectifier circut 103 {(s.g. the outpul of the slectrical supply voltags sensor

circuit 11113, and the AC bias voltage, Ve before the bias rectification circuit,

The primary side controller 1115 is configursd to operate the flyback
transformer 101 in a critical conduction mode of operation.

Accordingly, the primary side controller 1115 may be configurad to actuste the
primary swilch device 101a to an on-stats (such that eleclrical power may
pass from the mains powsr supply 102 to the first primary winding 101b) ohce
it has been determined that the energy stored in the flyback transformer 101
{e.g in the windings 101b101c1071d, and any core thereof) has besen
dissipated — Le. deliverad to the tarminals 107 of the ballery charging system

108 and ta the battery 1 {or otherwise lost),

With the primary swileh device 1018 in s on-siate, elachical power i3
delivered 1o the first primary winding 101b such that there is & build-up of
anergy stored in the fiyback transformer 101 which, in turn, s delivared via the
first secondary winding 101¢ as sleclrival power o the terminals 107 of the
battery charging system 100 and (o any battery 1 connected thereto.
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The primary side controlier 1115 may be further configured to actuate the
primary switch device 1018 to an off-state {(such that electrical power is
substantially prevented or hindered from passing from the mains powsy supply
102 o the first primary winding 101D} whean the signal representative of the
alectrical current delivered to the first primary winding 101b has rsached a
valua which is dependant on the signal representative of the electrical voltage

of the maing powsr supply 102, and the contral signatl, C,

The primary side controller 1115 may be configured, therefore, 1o actuste the
primary swilch davice 1012 to have a switching frequency (i.e. a frequency of
swiching hetweert is on- and off-sigtes) which vares over time.

The primary side controfler 1115 may actuste the primary switch devicg 101a
suchs that the slectrical current flowing through the first primary winding 101b
has an envelops which may generally follow the voltage of the mains power
supply 102 {or the rectified mains power supply voltage). Within the envelope,
the current flowing through the first primary winding 101b may be pulsed with 3
varying frequency andfor duly oycle (the frequency andior duty cycle
determining the magnitude of the current) and the frequency andfor duty cyale
being controlled by the actuation of the primary swilch device 101a. Figure 8
shiows a graphical reprasentation of the current deliverad 1o the first primary
winding 101b and shows the snvelope of this current.  Figures 9 and 10 show

the pulses of current which form part of that envelope at differant times,

Accordingly, during an initial period, the frequency of actuation of the primary
switch device 101a {and hence the current in the firgt primary winding 101b)
may be relatively high {see figure 3, for sxampie) {snd/or the duty cycle may
he relatively low), with the frequency of the actuation decreasing {(andior the
duly cycle increasing) as the magnitude of the envelope of the currend
increases {(see figure 10, for axample), belore the frequency of actuation

ncreases again (andior the duty cycle decreases) as the magnitude of the
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arvelope of the curert decrsasss (see figure 9 agsin, for sxample)
Accordingly, the frequency andfor duty cyale of actuation of the primary switch
device varies ovey time and the frequancy andfor duty cycle at any given time
i dependart on the magnitude of the vollage of the slecirical supply, Ve at

that time.

This opsration of the primary side confroller 1115 and primary switch device

1018 helps (o ensura an improved power factor (which may be 0.9 or above).

Ir1 some embodiments, the primary side confrollsr 1115 may be implementad
using a circult such as depicted in figure 7. In this embodimend, the primary
side controfler 1115 includes & varisble gain amplifier 11152 which is
configured 1o receive the signal representative of the electiical voltage of the
mains power supply 102 and to attenuate or amplife that signal using the
control signal, . The cutput from this variable gain amplifier 11153 is passed
to a first comparator 11150 of the primary side contraller 1115 {e g. to & non-
nverting input thereof). The signal representative of the electrical current
delivared to the first primary winding 101k may be passed to an inverting input
af the fisst compargter 111580, The oulput of the first comparator 11150 may
be connected 10 a resst inpul of a sstresetl flip-flog 1115¢ of the primary side
controfier 11158 The bias voltage (or 2 signal reprasentative of the bigs
voitage) may be connecled to an inverting input of a second comparator 1115d
of the primary side controller 1118 A non-inverting input of the second
comparater 1115d may be connected te ground.  An output of the sscond
comparator 1115d may be connected to a st input of the setresst flip-flop
1115¢, and an oulput of the setresst flip-flop 1115¢ may b connscled o the

primary swilch device 101a o control its actuation.

In some embodiments, the primary switch device 1018 18 a transisior device
such as a Power MOSFET and, in such ambodiments, the ouiput of the set-
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reset-lip-flop 1115¢ may be connecied to a gate of the MOSFET fourming the
primary switch device 101a.

In some embodiments, the fivback fransformer 101 is of a gapped ferrile core
fliyback type which may have fouwr interdeaved windings — o reduce leakage
inductance,  The flyback fransformer 1071 may, for example, be a high

frequsncy transformer 101 configursd to operata af up 1© 150W per core.

The bias circuit firat 101e may include ong or more fast rectifier dicdes in order

i provide glectrical power to the primary contralier sub-system 110,

The frequency of opsration of the fivback transformer 101 — 2.g. the switching
fraquency of the primary switch device 101a ~ may be varied betwean about
40KHz and 200KHz.

As will be appreciated, many conventional battery charging systems 100 use a
Schottky rectifier dinde in the oufput rectifier circuit 108, In some
esmbodiments, of the present disclosure, however, the use of a synchronous
rectifier removes the naed for this Schottky reetifisr dicde — which can raduce
cost, improve efficiency, sliminate the need of a healsink and reduce the
physical space required for the circuit.

The controller sub-system 110 may be configured such that the electric current
delivered to the terminals 107 of the average battery charging system 100
{and so to the hattery 1) is around 18A. The controller sub-systerm 110 may
be configurad such that the elecinic current delivered 1o the termingls 107 of
the battery charging systam 100 {(and so to the battery 1) varies between GA
and 30A,

The controller sub-gsystem 110 may be configurad such that the solation

swifch 108 s actuated to s off-siate when the signal indicative of the voltage



17 02 22

5

10

20

{3
L]

goross the terminals 107 of the batlery charging system 100 reaches or
exceads about 4V andfor when the baflery 1 i disconnactad from the

ferminals 107,

In some smbodiments, the secondary side confroller 11186 acls as a master
controller which is configured o control the operation of the primary side
confrolier 1118 — which may, therefore, be referred 0 as a slave controlier
The secondary side controller 1118 may, in such embodiments, be configurad
to communicate with one or more systems outside of the battery charging
system 100 to contral one or more aspecis of the battery charging syslent's
100 operation.

The secondary side controller 1116 (and primary cortroller 1118) can be
configured to vary properties of the charging current in dependence on
determined properties of the battery during charging. Examples of determinad

properties of the batltery and properties of the charging curent sre given below

In some embodiments, the control sub-system 110 is configured to mornitor the
slactrical impedance of the battery 1. The delivery of the charging current to
the battery 1 by the charging systam 100 to charge the battery 1 may then be
based, at least in part, on the slectrical impedance of the batiery 1. Properties
of the charging current can thersfore be depsndent on the determined

slacirical impedance of the battery 1.

As discussed above, in some embodiments, the secondary side controller
1116 may be configured to determine a mode of operation for the battery
charging system 100, Accordingly, & may he the sscondsry sde controlier
1116 which is corfigurad o monitor the slectrical impedance of the battery 1
and to use this information o control an aspact of the delivery of aelectrical
current to the battery 1 by the charging system 100,
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More specefically, in some embodimeants, the secondary side controller 1116 1s
corfigurad to receive a signal representative of the current delivered to or
returnad from at least ong of the terminals 107 of the battsry charging sysiem
100 {a.g. the autput from the battery terminal current sensor circuit 1114}, s
Alternatively or additionally, the sscondary side controtler 1116 s configurad to
raceive a signal representative of the change in current delivered to or
returnsd from at lsast ong of the terminals 107 of the battery charging sysiem
100 during & portion of the charging current waveform delivery. An example of
such a changs in current may be the difference between the peak (Maximum)
and trough (minimum) charging current. In embodimeants whers the minimum
current 18 zero amps, this difference 8 equal o the maximum ourrent

measured,

The delivery of elactrical current, by 0 the baltery 1 comnscled o the
terminals 107 according to the current waveforms described hersin causes the
voltage across the terminals 12,13 of the battery 1 to ripple a5 a result of the
battery's electrical impedance, e This can be seen in figures 118 and 11b,
in which figure 11a shows lyy and figure 11b shows the voltage, Vie, 80r0ss
the terminals 12,13 of the battery 1 in an example use of soms embodiments

of tha disclosure.

The secondary side controller 1116 may be configured, therefore, to use the
signal representative of the voltage of acress the tarminals 107 of tha battery
charging system 100 {2.g. the output from the baltery terminal voltage sensor
circult 1113} to determing the elgdtrical impedance of the battery 1, Lo
sonnectad 1o thoss lerminals 107 {(by ds terminals 12,13}

Mors specificaily, the sacondary side contraller 1118 may be configured 1o
receive the signal representative of the voltage across the terminals 107 of the
baltary charging system 100 over 2 first pariad of time.  The secondary side
controlier 1116 may be configured to determine a8 DO component of that signal
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{and hence the vollage it represents). This may be gohieved by, Tor exampls,
determining a mean average of that signal over the first period and taking this
{0 be the DC component. This DC component is then subtracted from the
signal to generate a voltage ripple signal representative of the ripple vollage of
goross the terminals 107 of the battery charging system 100 {and hence
across the lermiinals 12,13 of the connectad hatiery 1), AVpa. This signal may
be amplified andfor filtered In order o mprove the sgnal's representation of
the ripple voltage. For example, the frequency of the ripple voltage is
expacted {0 be substantially identical {o that of the current delivered to or
rafurned from at least one of the ferminals 107 therefore, ons or more filters
may be used o altenuste frequency components of the ripple voltage signal
which are above andior below this frequency. An example of the voltags

ripple signsl can be geen inin figure 11c, for example,

The secondsary side controller 1116 may be configured {o divide the signal
representative of the ripple voltage, AVea, by & signal representative of a
change in current delivered o or returmad from at least one of the terminals
107 of the battery charging system 100, Ak, I order to arrive at the slectrical

impadance of the battery 1 connected to those terminals 107,

In some embodiments, the current delivered to or returned from at least ons of
the terminals 107 of the batlery charging system 100, ly may vary from A to
a paak {maximum} current (before returning o 0A following the waveforms
described hsreiny.  Therefore, the signal representative of sy may be
substantally equal to the signal representative of Alps and may be used as
such., However, in soms embodiments, lps vanes belweasn g non-zard lowsr
value and & peak current. Therefore, in some embodiments, Alg IS not equal
o e In such ambodiments, the secondary side controfler 1116 may be
corfigured to delerming Al Trom the signal representative of the current
deliverad (o or received from the terminals 107, ka.
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Figures 11a and b dlustrate the current and the voltage at the battery terminals
as charging prograsses. As the batlery is undergoing charging, the bassling
voltage steadily increases with an overlaid ripple caused by the oscillating
nput current. In order to determing the impedance of the batlery at a given
point I time, only the ripple in the voltage is relevant, and s svalustad
saparately from the increasing vollage baseline Figure 11¢ shows an
dlustration of the voltlage rnppls. In ordsr o determing the magnitude of the
rippde, for example a linesr baseling voltage is fitted to the vollage curve and
the deviation from that baseline is evaluated. That deviation gives the flattened
ripple. The flaltened rnipple can then be evaluated io determine the effect of the
impadance on the voltage. The magnitude of the ripple voltage divided by the
magnitude of the baltery current gives the magnitude of the mpedance. in
annther example 8 meaan average of the voltage signal in a period is
determined and subtracted from the vallage signal this again gives the ripple
as distinet fram the baseling voltage. In the case of non-oacillating stesdy
charging the batlery voltage increasas steadily, and no signal is available that
is indicative of the impedance of the battery.

The internal impeadance of the batlery and the battery internal battery voliage
are not generally accessible for direct meagsurement while the batlery is being
charged. By dividing the change it current by the change in voltage the batisry
internal impedance of the battery can be determined without the need o know
the intermal battery voltage.

The secondary side controller 1116 may be configured to determine the
slecirical impedance of the batlery 1 using the above process periodically. In
some embodiments, the secondary side confroller 1116 s configured fo
determine the slactical impedance of the hattery 1 at a frequency which is
substantiaily equal to the frequency of the signal representstive of the current
dediverad to or raceived from the terminals 107 of the baltary charging system
100, In other words, the secondary side controller 1118 may be configured to
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determine the elecirical impedance of the baltery 1 once for every peak in the
signal reprasentative of the current delivered 1o or receivad from the terminals
107 of the batlery charging system 100, thereby effectively dstermining the

glactrical impedance of the battery 1 substantially continuously.

in some embodiments, the secondary side conirolier 1116 may be configured
{o determing the eleclrical mpedance of the battery 1 8l & frequency which is
substantially equal to at least the frequency of the signal represantative of the
currant deliverad to or received from the terminals 107 of the batltery charging
system 100, thersby sffsctively determining the slectrical impedance of the
battery 1 substantially continuously. In such embodiments, the secondary side
controlier 1116 may be configured o determine the impedance of the battery 1
using the rising or the falling peak-to-peak variation in the signal representative

In some embodiments, the secondary side controller 1118 is configured to
determing the impedance of the batlery 1 & a fregquency or betwesn about
100Hz and 120Hz, or at a freguency of about 120Hz, or betwesn 100Hz and
200Hz, or at a frequency of about 200Hz, or batween 120Hz and 240Hz, or at
about 240Hz, or at any combination of the uppser and lower bounds of these

ranges.

As will be appreciatad, in some embadiments, whilst the determining of the
mpadance of the battery 1 is pericdic in absolute terms, the delermining is
substaniially continuous relative to the frequency at which the secondary side
sontrolier 1115 may be configured to cause changes i ha duwing & charging
cycle ~ ses below. It will be appreciated thal this will still effectively be the
cas if the impedance of the battery is not determined at exactly the frequency
of the charging current waveform, but is instead determined at a frequency
that s substantially continuous melative to the frequency at which the
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gacondary side cortrolier 1118 may be corfigured to cause changes i i

during a charging cycle.

The changs In current and change in voltage suppliad {0 the batlery 1 can be
messursd during the rising current portion of the current waveform. The
minimum of the current waveform can provide a convenient starting point to
measure thessa properties from. The changss can alternatively o adddionally
be measurad on the falling current portion of the current waveform. When
these properties are measuwrad on both the rising and falling portion of the
waveform, the resulls can be compared by the secondary side controlier 1115
in order to determine if there is an arror.

The cortrol sub-system 110 may include a loolcup table 1118 This look-up
table 1112 may be stored on & compuisy readable medium 1118s of the
control sub-system 110 or to which the contral sub-sysiem 110 has access.
The look-up table 1118 may, in some embodiments, be part of or accessible
by the secondary side controller 1118,

The look-up table 1119 may siore informalion which correlates battery
cordition andfor charge state to charging mode. Accordingly, the look-up table
1119 may be used by the contrgd sub-system 110 (8.9 the secondary side
controlier 1118} {o determineg an approprigte charging mode for the batiery 1
basaed on determined properties about the battery 1 which i available to the

control sub-system 110

These astermined propertias available 10 the conlrgd sub-gystem 110 (g,
the sacondary side controller 1118 may includs one or more of! lpw, Vi 8,
AVpa, and Zpe.  This information may algo include the iemperature of the
battery Tew 1. In embodiments where the baltery comprises multiple celis,
thase properties for each cell may be available o the control subsystam in
addition {o or altermatively to the complele baltery propertias.
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in some embodiments, the information available to the control sub-gystem 110
{e.g. the secondary swle controller 1118) may include an dantity of the batisry
1 — which may be determined, for example, by a battery identifier which is
communicated to the condrol sub-system 110, The battsry identifier may be an
identifier which is unigue or substantiaily unigue to that battery 1 {such as a
senal number) or may be morg 8 morg general Wentifier which is unigus or
substantially unigue to that manufacturer of battery 1 or that mode! of battery 1
or that configuration of battery 1, for example. The identity may be
communicated o the control sub-sysiem 110 (8¢ the secondary side
controlier 118} by one or more signals transmittad from the batlery 1 1o the
control sub-system 110 (8.¢. via & communication Bink betwesn the two) or

may be manually entered by 8 user

The conirol subsystem 110 may further comprises a time mesasuremernt
means, such as a clock. This can be used to measure the time the battery 1
has been charging. By inlegrating the time the batiery 1 has been charging
with respect to the charging current, the tofal charge deliverad to the battery
can b determined. This integration can, for sxamply, be psyformed
numerically. The total charge can be used o determing the Stale of Charge of

the battery 1.

The control sub-system 110 {(e.g. the secandary side controfler 1116} may use
the determined properties available to # (ses above) 1o determine the current
charge state and/or health of the battery 1. As will be appreciated, the haalth
of a ballery 1 i3 a measure of tha corrsct operation of the battery 1 [such as s
ability to hold charge)  The current charge state of the batlery 1 may be
otherwise referred {0 as the current condition of the battery 1 or the battery
state of charge (8.0.C.). These can be used to determine if and how the
charging currant supplied {0 the battery 1 should be variad.
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in some embodimeants, the battery impeadance is not determinad, and instead
tha change in current Algy and changs in vollage AV can be used directly to
determing the current chargs state and/or healih of the battery, and therefors

determing if and how the charging current should be varied.

in some embodiments, the look-up table 1118 provides a duty cycle andior
frequancy for the opsration of the primary switch devics 101a based on the
determined properties available to the control sub-system 110 {e.g. fo the
secondary side controller 1118) — ses above. In some embodiments, the look-
up table 1119 is used o provide an indication of a desired Ly for the condition
andfor heglth of the baltery 1. The lcok-up table 1118 may, for axample,
provide C (ses above). Other properties of the battery charging current, such
ag. & current mean valug; & current maximum value, a current amplitude,; g

duty cyole; andfor a charging mods may also be provided in the ook up table.

For example, a fully discharged battery 1 will have a relatively high electricsl
impadance and 5o the look-up table 1119 may specify a relatively low lw D
order to avoid the risk of overhasting the battery 1 andfor otherwise damaging
the battery 1. Likewise, if there is g low detsrmined impedancs, then the look-
up table 1118 may specify a relatively high lua

The above description of the operation of the control sub-system 110 refers o
the monttoring of the electrical impedance of a battary 1. As I8 mentionad
above, this is {o be construad as monidoring the electrical impedance of ong or

more cells 11 of that battery 1.

In some embodiments, & baltery 1 includes s plurality of cells 11, In such
embodiments, the impedance of each call 11 may be determined — the above
aperations being performed on sach celi 11 in the battery 1 - and the charging
mode may be detarmined basad on the information determined for more than
one cell 11 of the battery 1,
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Embodiments of the presentdisclosure have been described with reference to a
fivback corvertsr 101, but it will be appreciated that these and othey
embodiments may be implemented by using 8 convertar with a different
topology. Such g converter may be capabls of high frequency operstion {e.g.
operation in the range of 40 10 200 kHz).

A single battery charging systermn 100 has been described hergin. However, i
will be understeod, that a plurality of such battery charging systems 100 may
be provided connectad in parallel with sach other and configured o supply an
electricsl currant () 10 the same terminals 107, In such an arrangement, all
of the battery charging systems 100 may be cantrolled by a common control
sub-system 110, In some embodiments, such arrangements may include a
primary side contradler 1118 for sach batisry charging systam 100 but a single
secondary side controlisr 1116 which i3 configured 1o control the operation of
all of the primary side controliers 1115,

As will be appreciated, embodiments supply the electrical current ke having a
waveform which allows the electrical impedance of the baltery 1 to be
determined frequently without the need for any additional manipulation of
for the purpose of dstarmining the battsry's slectrical impsdancs.  In other
words, the electnicgl current which s used to charge the batiery and which
farms the main current 1o chargs the battery 1 {i.e. a charging current) may be
used to determine the battery's electrical impedance. This is differant, for
axample, from a relatively, small magnitude, current which 18 deliberately
added {0 g constant or substantially constant main charging current in ordsr o
determing the baltery's elsotrical impedance. In such a hypothetical
arrangemeant, the maximum frequency at which the electrical impadance of the
baitery 1 can be determingd is much lower than in some embodiments of the

prasent disclosure.  In addition, the small magnitude of the current does not

contribute substantively to the charging of the batiery 1 {8.g. baing only of the

e
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hundrads of miliamp-evel).  Such a low magnitude cuwrent doss not,
therefore, form part of a main charging current — unlike the current, Iy, 0
some embodiments of the prasent disclosure i which the changes in the
current are of a magnifudes thatl does impact the charging of the battery 1 and,

thersfare, forms part of the main charging current,

In zomg smbodiments, the control sub-system 110 5 configursd
sommunicate with a remote server 210, The communication may be via 8
communication network ~ such as a local area network andior a wide area
network and may include the internst. The remote server 210 may, for
axampie, store the look-up table 1118 or part thereof.  In some embodimeants,
the remuote server 210 includes the computer readable medium 1118 I
soma embodiments, the control sub-system 110 is configurad to download at
feast part of the look-up table 1112 {e.g. {0 & local computer readable medium)
111%a. The control sub-system 110 (e.g. the secondary side controfler 1116)
may be configured 1o request the wholg or part of the look-up table 1119 from
the remote gerver 210 and may be able to upload information about g baltery 1

1o the remote server £10.

The remote server 210 may be configured o maintain the look-up table 1119
and this may includs receiving information about a battsry 1 or a type of
battery 1 from the control sub-system 110 and then updating the look-up table
1119 based on that nformation. This may include ypdating the bok-up table
in relation o that particular battery 1 andior Tor that type of baltery 1 {e.g
based on the configuration of the battery 1, the make andior mods! of that
battery 1). The remote server 210 may be configured 10 collats the information
recaived sboul a plurality of balleries 1 in order to madify the loock-up table
1119 or paris thersof {0 optimise one or more aspects of the operation of the
battery charging system 100 using the look-up tgble 1118 ~ this may include
ensuring the maximum amaount of charge is stored in a battery 1, ensuring the

maximum Hfespan (e numbser of charging cyales) of a baltery 1, andior
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ansuring the most efficient use of electrical power by the battery charging

systam 100

Figure 12 illusirates a step-by-step procedure for charging & batlery. The

procedure s intended o provide high power efficiency and safsly minimize the

battery charging time.

1. Indialization

&

Recognize the type of battery (Total Battery Voltage Vbat and Capacity
Chat)

Look at the data base and sslimate the Siale of Charge (5.0.C) of the
battery

Look at the data base and determine the maximum permissible cell
voltags Veell_max

Measuraments of sll the Cells Voltages Veell_open

Look at the data base and determing the initial batiery charging currert
fbat{av)_initigl

2. Start Charging

8

&

Star the clock

Start charging with rectified sing current waveform and tbat{av)_initial

3. Measuraments

&

Measure in each individual call its voltage and the battery currant at the
bottom of the charging current waveform

Stove the measuremants Veell_bottom and that_boltom

Measure in each individual cell its voltage and the battery current at the
top of the charging cuwrrent waveform

Store the measurements Veell_top and tbat_top

4. Caloulations
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s Caloulats the difference AVeell = Veslitop - Veelibottom
+« (alculate the diffarence Albat = lkal_top -~ tbal_battom

« (alculate the impedance of sach individual cell Zeslt = AVeell # Albat

5. Full Charging
s Assign the weakest cell {with the maximumn impedance) £_weak_cell
¢ Look &t the dalg base and dsterming the madmum safe baliery
charging current bal_max_safe, according to the Z2_wsak _cell
« Continue battery charging, continuously measwing and calculating sl
the above, making full wiilization of the chargsr potertial and safely
mirimize the battery charging time

e Continuously measurs each individual cell temperature Teell,

8. Stap
=  Continupusly ook at the data base and modify the Veell max and
bat_maeax_safe according to the hottest cell Teell_max

»  Stop the charging when the first cell voltags reaches Veall_max

7. Administration
e Calculate the Time-Amps infegral and specify the total charge recsivied
by the battery.
e [isplay the Battery S.0.C.

s Siore information into the database

Storing the determined properties of the batltery in the database, which can for
example reside i 2 look-up tgble stored in g controlier/ control unit memary,
can gllow the ballery charging system {o corrglate these propertiss for fulure

use in charging other batteries andior charging the same battsry again.
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The determined properiies can, for example, be stored along with identification
data, associgting the properties with that particular battery. When charging that
particular battery in the fulure, these properties can bs used © determing the

battery state and/or the required charging cuwrrant properties,

Alternatively or additionally, the siored determined properties can be
aggregated into a datasst from which ballery properly correlations can be
determined for classes andior types of batlery. These correlgtions can be used
when charging battertes of the same type andfor class o determingfestimate

the battery state andior the required charging current properties.

By storing the determined praperties and using them to assist in futurs battery

charging events, the system can be said to be seif-leaming.

Figure 13 fllustrates a schematic example of a single cell battery control unit in
use. The secondary controller (Master CPU) drives a current source, such asa
flvback converter, to charge g baliery cell with a charging current {le), Tor
example a current with an oscillating DC waveform such as a rectifisd
sinusoidal waveform, of about twice the line frequency. This direct {Le. always
positive) but ims varving current can have a minimum value of less than about
0.5 amps, preferably less than about 0.1 amps, mors preferably about 0 amps,
with a maximum value of about 30 amps.

This “ripple” battery charging current creates a ripple battery cell voltage AV ey
due to the battery intermnal impeadance L. The battery intemal impedance oy
san depend on the battery cell state of charge, batlery cell temperature Tewy

battery call voltage V. and battery cell history, for example.

The rippled baltery voltage AVeeg can be filtered and amplified, and used (o
trangfer battery condition information to the secondary controller. This can be
used together with loy (andfor the change in current Sl i the mirimum of the
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charging current is not zero) o caloulate Zos . The controller uses this
information, along with the other determined propearties such as the battery cell
temperature T and battery cell voltags Vew o choose an sppropriate
charging mode from & look up ighle. The secondary controller can then vary
properties of the charging current in dependence on the battery cell situation

by, for axample, changing the duty cycle of the grimary controlier.

For exsmple, when the battery is fully discharged, the bsttery intemal
impedance can increase. The secondary controller calculates the battery
impeadance using the rippled charging current and the volisgs ripple that this
current induces. The secondary controller then determines the required
charging mode from the ook up table. In order {o avold overhealing andior
damage of the battery cell, the look up fable indicates that a different charging
mode is required. The sscondary controller sends another charging mods {o
the primary controller with a reducsd duly cycle, thereby reducing the battery

charging currant.

Effectively, the batltery cell itself "decides” at every moment which is the best

mode for charging.

Figure 14 lHlustrates a schematic sxampls of g multi-call batlery control unit in
usa. In this example the baltery comprises n celis grranged in parallel andior
sgrigs. The example functions in a similar way 10 the example described above
in relation to Figure 13, with the axception that the vollage across each cell
Ve, the change in voltage across each cell AV e, and the temperature of
sach osll Teapn 18 measuwred, The current lyy will be the same through sach
cell The measurements from all calls are passad to the secondary controller,
along with the current ey (andfor the change in currant Aleey). The battery
internal impedance of each cell Zep can be calculated by dividing the current

{or changs in current) by the change in voltage across thal cell AV g,
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The controller uses this information to choose from a Look Up Table the most
approprigte battery charging mode, and changes the dulv cycle of the primary

controlier, taking info account the situation of all the battery cells.

in some embodiments of thedisclosure a ractified sinusoidal current 1s used fo
charge batteriag, and the voltage rippie natural 1o this charging method is used
{glong with the current} © measwe the internal impedance of the cell. This
aliows the intemal impedance of the cell o be subsiantially continuously

monitorad, allowing a controller o continuously monitor the batlery health

through the intermal impedance calculation and changs charging modes on the
fhy.
In some embodiments, a primary controller is used to control the battery
charging current. The Primary Gontroller consisis of a Programmable Chip
device, It senses:
+ the Grid Input Voltage through a High Voltage Dividsy
s the Flyback Primary Current through a Primary Current Shunt
connected at the Primary MOSFET Souwrce
= the Conirol Bignal coming from the Primary Controller through the
isolating Optocoupler

¢ the Bias Voltage from the Flyback Transformer

Tha circuit is arranged and functions as follows:

1. The Grid Input Voltage after the High Voltage Divider s amplified or
attenuated by the Control Signal, through a Variable Gain Amplifisr inside the
prograrmmabls ¢hip.

2. The output of this amplifier is fed 1o the noninverting input of & comparator
inside the programmabis chig.

3. The voitage from the Primany Gurrent Shunt (connected al the Primary
MOSFET Source) is connectad to the inwverting input of this comparator.
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4. The output from this comparator is the Resel signal to a Sel reset FlipFlop
inside the programmable ¢hip,

5. The output from the Bias Winding of the Flyback Transformer is connacted
oy the irwerting inpul of anather comparator inside the programmable chip.

6. The noninverting input of this comparator is grounded

7. The output from this comparatar is the Sat Bignsl to the Flip Flop.

8. The audput fram the Flip Flop is connected to the Gate of the Primary Power
MOSFET.

So: The Gate Signal to Primary Power MOSFET cam

& Start whan all the Energy Stared in the Flyback Transformer has been
delivered o the Battery, and

& End when the voltage on the Primary Current Shurt (Connscted at the
PrimaryMOSFET Souwrce) has reached the value of the Input Voltags, divided
{by the High Voltage Divider) and amplified or attenuated by the Contret Signal
{coming from the Primary Controfler through the Isolating Optocouplen)

i this way the Grid Current can ba in phase with the Grid Voltage (PFC

Converter),

The Control Signal is made by the Primary Contreller {which is also another
programmable chip) sccording o the:

¢ Grid Input Vollage

s Primary Peak Current

& Batlery Voltage

+ Batlery Current

» Battery Tamperature

Whan used in this specification and claims, the lamms “comprises” and

“comprising” and variations thergof mean that the specified features, steps or
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inegers arg included.  The terms are not o be intarpreted to exclude the

prasence of other featuras, steps or componants.

The features disclosed in the foregoing description, or the following claims, or
the accompanying drawings, sxpresssed in their specific forms or interms of a
means for performing the disclosed function, or a method or process for
attaining the disciozed resull, as appropriate, may, separalely, or 1 amny
combination of such features, be utilised for realising the invention in diverse

forms thereof,



10 03 22

10

15

20

25

30

35

56

CLAIMS

1. A battery charger for providing a charging current to a battery, the battery charger comprising a
switched-mode power converter and a controller adapted to vary the switching frequency, to
provide a current in the form of a squared sine wave, wherein the controller is adapted to vary the
switching frequency in dependence on a voltage oscillation of an AC power source, wherein the
controller is adapted to vary the switching frequency at least 100 times during each voltage

oscillation.

2. A battery charger according to claim 1, wherein the controller is adapted to vary the switching

frequency after one or more cycles of the switched-mode power converter.

3. A battery charger according to claim 2, wherein the controller is adapted to vary the switching

frequency after each cycle of the switched-mode power converter.

4. A battery charger according to any preceding claim, wherein the controller is adapted to vary the

switching frequency at least 300 times during each voltage oscillation.

5. A battery charger according to claim 4, wherein the controller is adapted to vary the switching
frequency at least 800 times during each voltage oscillation.

6. A battery charger according to any preceding claim, further comprising a voltage sensor adapted

to provide an indication of a voltage of an AC power source to the controller.

7. A battery charger according to claim 6, wherein the voltage sensor is adapted to sense the

voltage at least as often as the controller varies the switching frequency.

8. A battery charger according to any preceding claim, wherein the switching frequency is varied in

dependence on a rectified voltage oscillation of the AC power source.

9. A battery charger according to any preceding claim, wherein the squared sine wave has a

frequency of about an integer multiple of a frequency of the AC power source.

10. A battery charger according to claim 9, wherein the squared sine wave has a frequency of twice

a frequency of the AC power source.
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11. A battery charger according to any preceding claim, wherein the squared sine wave is locked to

a frequency of the AC power source.

12. A battery charger according to any preceding claim, wherein the switched-mode power

converter is a flyback converter.

13. A battery charger according to any preceding claim, wherein the switched-mode power

converter is adapted for operation in a critical conduction mode.

14. A battery charger according to any preceding claim, wherein the switching frequency is varied

within a range of 1 to 1000 kHz,

15. A battery charger according to claim 14, wherein the switching frequency is varied within a
range of 10 to 500 kHz.

16. A battery charger according to claim 15, wherein the switching frequency is varied within a
range of 40 to 200 kHz.

17. A battery charger according to any preceding claim, wherein the controller is further adapted to
vary the switching frequency in dependence on a desired maximum charging current to a battery.

18. A battery charger according to any preceding claim, wherein the desired maximum charging
current is dependent on one or more of: a battery temperature; a battery voltage; a battery current;
a battery voltage change; a battery current change; a battery impedance; a charging time; and an

accumulated battery charge.

19. A battery charger according to any preceding claim, wherein the controller is further adapted to
vary the switching frequency such that a minimum charging current provided to a battery is less
than 1A,

20. A battery charger according to claim 19, wherein the controller is further adapted to vary the

switching frequency such that a minimum charging current provided to a battery is less than 0.1A.

21. A battery charger according to claim 20, wherein the controller is further adapted to vary the

switching frequency such that a minimum charging current provided to a battery is less than 0.01A
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22. A battery charger according to claim 21, wherein the controller is further adapted to vary the
switching frequency such that a minimum charging current provided to a battery is approximately
0A.

23. A battery charger according to any preceding claim, wherein the controller is further adapted to
vary the switching frequency such that a peak-to-peak current provided to a battery is greater than
1A.

24. A battery charger according to claim 23, wherein the controller is further adapted to vary the
switching frequency such that a peak-to-peak current provided to a battery is between about 10A
and about 30A.

25. A battery charger according to any preceding claim, wherein the controller is further adapted to
vary the switching frequency such that a peak-to-peak current provided to a battery is at least 10
times the battery capacity with the peak-to-peak current measured in A and the battery capacity
measured in Ah.

26. A battery charger according to any preceding claim, further comprising a smoother adapted to
smooth the output current from the power converter.

27. A method of charging a battery, comprising: converting an AC power source to a charging
current to a battery with a switched-mode power converter; wherein the switching frequency is
varied in dependence on a squared sine waveform, wherein the switching frequency is varied in
dependence on a voltage oscillation of the AC power source, wherein the switching frequency is

varied at least 100 times during each voltage oscillation.

28. A method according to claim 27, wherein the switching frequency is varied after one or more
duty cycles of the switched-mode power converter.

29. A method according to claim 28, wherein the switching frequency is varied after each duty
cycle.

30. A method according to any of claims 27 to 29, wherein the switching frequency is varied at

least 300 times.

31. A method according to claim 30, wherein the switching frequency is varied at least 800 times

during each voltage oscillation.
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32. A method according to any of claims 27 to 31, further comprising sensing a voltage of an AC

power source and varying the switching frequency in dependence on the voltage,

33. A method according to claim 32, further comprising sensing the voltage at least as often as the

switching frequency is varied.

34. A method according to any of claims 27 to 33, wherein the switching frequency is varied within
arange of 1 to 1000 kHz.

35. A method according to claim 34, wherein the switching frequency is varied within a range of 10
to 500 kHz.

36. A method according to claim 35, wherein the switching frequency is varied within a range of 40
to 200 kHz.

37. A method according to any of claims 27 to 36, wherein the switching frequency is varied in

dependence on a desired maximum charging current to a battery,

38. A method according to any of claims 37, wherein the desired maximum charging current is
dependent on one or more of: a battery temperature; a battery voltage; a battery current; a battery
voltage change; a battery current change; a battery impedance; a charging time; and an

accumulated battery charge.

39. A method according to any of claims 27 to 38, wherein the switching frequency is varied such

that a minimum charging current provided to a battery is less than 1A,

40. A method according to claim 39, wherein the switching frequency is varied such that a

minimum charging current provided to a battery is less than 0.1A.

41. A method according to claim 40, wherein the switching frequency is varied such that a

minimum charging current provided to a battery is less than 0.01A.

42. A method according to claim 41, wherein the switching frequency is varied such that a

minimum charging current provided to a battery is approximately OA.
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43. A method according to any of claims 27 to 42, wherein the switching frequency is varied such
that a peak-to-peak current provided to a battery is greater than 1A.

44. A method according to claim 43, wherein the switching frequency is varied such that a peak-to-
peak current provided to a battery is between 10A and about 30A.

45. A method according to any of claims 27 to 44, wherein the switching frequency is varied such
that a peak-to-peak current provided to a battery is at least 10 times the battery capacity with the
peak-to-peak current measured in A and the battery capacity measured in Ah.
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