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Title: A battery charging system and method 
Description of Invention 

5 Embodiments of the present invention relate to methods and systems for use in the 

charging of batteries.  

A basic battery charging system for recharging a battery (such as lithium ion battery) 

may conventionally apply constant or pulsed electrical power to terminals of the 

0 rechargeable battery. Typically, a charging cycle for a lithium ion battery may include 

an initial constant current operation during which the battery charging system is 

controlled to achieve a substantially constant supply current to the battery during a first 

period of the charging cycle. Once the voltage across the terminals of the battery has 

reach a predetermined level, then a conventional battery charging system is typically 

5 controlled to achieve a constant voltage or even a constant power across those 

terminals during this second period of the charging cycle (i.e. a constant voltage 

operation of the charging cycle). Finally, once the battery is substantially fully charged, 

then either the charging cycle is terminated or a maintenance or standby operation may 

be maintained with an occasional supply of electrical power to the battery to 

?0 compensate for self-discharge.  

Most conventional chargers switch from the constant current to the constant voltage or 

even a constant power operations of the charging cycle with the battery between 60% 

and 80% of being full charged.  

25 

Without wishing to be bound by theory it is believed that ions passing from a positive 

electrode, of a battery being recharged, to a negative electrode of that battery tend to 

pile-up prior to intercalation at or towards the boundary of the negative electrode which 

is towards the positive electrode (i.e. at a solid-electrolyte interphase (SEI) layer). This 

30 pile-up is believed to slow the intercalation of the ions in the negative electrode and 

creates a higher electrical resistance in the battery.  

Conventional charging also typically causes the SEI layer to grow (i.e. to thicken) which 

eventually, when sufficiently thick following a number of charging cycles, will cause a 

35 reduction in the charge capacity of the battery and eventually the failure of the battery.
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Conventional battery charging systems use relatively complex electronic circuits in 

order to provide the constant voltage or even a constant power and current operations 

required for the conventional charging cycles and require additional electronic circuits to 

provide power factor correction. These complex electronic circuits use numerous 

5 relatively expensive components.  

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

conventional battery charging cycles and systems.  

0 As such, an aspect of the present invention provides a method for charging a battery, 

the method comprising the steps of: providing a charging current to the battery; 

determining a property of the battery substantially continuously during charging; and 

varying a property of the charging current in dependence on the determined property of 

the battery. By measuring battery properties substantially continuously, the charging 

5 current supplied to the battery to be varied in substantially real-time to provide a more 

optimal battery charging current, allowing for a safe minimisation of the battery charging 

time. In general, more than one battery property can be determined to provide 

information about the battery state that can assist in determining the charging current 

properties required. Optionally, the charging current has an oscillating DC waveform.  

?0 Optionally, 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 battery, to be more easily measured without interrupting the charging process.  

For efficiency, at least a portion of the waveform has substantially the form of rectified 

sine wave. Optionally, at least a portion of the waveform has substantially the form of a 

?5 squared sine wave. These wave forms can provide favourable battery charging with a 

high power factor while being simple to generate. Optionally, the waveform has a 

minimum occurring at a current value of less than about 0.5 amps, preferably less than 

about 0.1 amps, more preferably about zero amps. By having a waveform that has a 

minimum of about zero amps, the effects of static build and/or an internal potential up 

30 on the battery properties can be reduced. Optionally, the determined property is 

determined from the current waveform. The current waveform is relatively 

straightforward to measure, and can be used to determine further properties of the 

battery. Optionally, the determined property is determined at at least the frequency of 

the waveform. Determining the property at at least the frequency of the waveform
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3 
provide substantially continuous monitoring of the battery properties, with the 

properties being determined a minimum of once per waveform cycle. This allows for the 

charging current to be updated frequently, or substantially continuously, in order to 

prevent any overloading of the battery. Optionally, the determined property is 

5 determined during a rising portion of the waveform. For accuracy, the determined 

property is determined from a measurement starting at a waveform minimum. The 

waveform minimum provides a convenient start point for measurements, and can result 

in greater measured changes in properties, and therefore a reduced fractional error.  

Optionally, the determined property is determined during a falling portion of the 

0 waveform. Measuring the property during the falling part of the waveform in addition to 

the rising part of the waveform allows the property to be determined from a different 

start point, which can help to detect or reduce errors. Optionally, the waveform is 

provided at a frequency of about an integer multiple of a voltage supply frequency.  

Providing a waveform at an integer multiple of the mains voltage supply can result in a 

5 higher power factor, increasing the efficiency of the charging. Optionally, the waveform 

is provided at a frequency of about twice a mains voltage supply frequency, which can 

provide more efficient charging. Optionally, the waveform is locked to the mains voltage 

supply frequency. By providing a waveform locked to the mains frequency, by which it is 

meant that the minimum of the current waveform and zeros of the voltage waveform 

?0 occur at substantially the same time, a higher power factor can be provided. Optionally, 

the determined property of the battery comprises a battery internal impedance. The 

internal impedance can be used to indicate the state of the battery. Optionally, the 

battery internal impedance is determined from a measured change in current and a 

measured change in voltage at the battery. This allows the internal impedance to be 

?5 measured indirectly. Optionally, the determined property of the battery comprises a cell 

internal impedance. Optionally, the determined property of the battery comprises a 

maximum cell impedance. Where the battery comprises multiple cells, the cell 

impedances can be different for each cell. The cell with the highest impedance will 

determine the limits of a safe charging current. Optionally, the determined property of 

30 the battery comprises a battery temperature. Optionally, the determined properties of 

the battery comprises a cell temperature. The battery and/or cell temperature can 

indicate information about the state of the battery and/or cell, for example whether the 

currently used charging current is safe. Optionally, the varied property comprises at: a 

current mean value; a current maximum value; a current amplitude; a duty cycle; and/or
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a charging mode. Varying these properties of the current can alter the power supplied 

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

Optionally, the method further comprises the step of measuring the time the battery has 

been charging, thereby to determine a charge received by the battery. This allows the 

5 state of charge of the battery to be monitored. Optionally, the battery is a lithium-ion 

battery. Lithium ion batteries are used in a wide range of applications. According to 

another aspect of the present invention, there is provided a battery charging system 

comprising: a current source, suitable for providing a charging current to a battery: and 

a control unit; wherein the control unit is configured to determine a property of the 

0 battery substantially continuously during charging; wherein the control unit is configured 

to vary a property of the charging current in dependence on the determined property of 

the battery. The control unit allows the charging current to be varied based on the 

substantially continuously determined property of the battery to provide a charging 

current with properties that are efficient for charging while also being within safe limits 

5 so as not to damage the battery. Optionally, the charging current is provided as an 

oscillating DC waveform. Optionally, the charging current is provided as 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 battery, to be more easily measured 

without interrupting the charging process. Optionally, at least a portion of the waveform 

?0 has substantially the form of rectified sine wave. Optionally, at least a portion of the 

waveform has substantially the form of squared sine wave. These wave forms can 

provide favourably battery charging while being simple to generate. Optionally, the 

waveform has a minimum occurring at a current value of less than about 0.5 amps, 

preferably less than about 0.1 amps, more preferably about zero amps. This can reduce 

?5 the effects of static build and/or an internal potential up on the battery properties. For 

efficiency, the determined property is determined from the current waveform. The 

current waveform is relatively straightforward to measure, and can be used to determine 

further properties of the battery. For safety, one or more of the determined properties 

are determined at at least the frequency of the waveform. Optionally, one or more of the 

30 determined properties are determined at at least twice the frequency of the waveform.  

Determining the property at at least the frequency of the waveform provide substantially 

continuous monitoring of the battery properties, with the properties being determined a 

minimum of once per waveform cycle. This allows for the charging current to be 

updated frequently, or substantially continuously, in order to prevent any overloading of
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the battery. Optionally, the determined property is determined during a rising 

portion of the waveform. For accuracy, the determined property is determined from a 

measurement starting at a waveform minimum. The waveform minimum provides a 

convenient start point for measurements, and can result in greater measured changes 

5 in properties, and therefore a reduced fractional error. Optionally, the determined 

property is determined during a falling portion of the waveform. Measuring the property 

during the falling part of the waveform in addition to the rising part of the waveform 

allows the property to be determined from a different start point, which can help to 

detect or reduce errors. For ease of generation, the waveform is provided at a 

0 frequency of an integer multiple of a voltage supply. Optionally, the waveform is 

provided at a frequency of about twice the voltage supply. Optionally, the waveform is 

provided at a frequency locked with the voltage supply. This provides a high power 

factor, increasing efficiency. Optionally, the current source comprises a flyback 

converter. Use of a flyback converter to produce the current waveform can reduce or 

5 remove the requirement for bulking capacitors to produce the charging current.  

Optionally, the system further comprises a voltage measurement means and/or a 

current measurement means. Determining the current and voltage, or the current 

changes and voltage changes, can allow for properties of the battery to be determined 

without interrupting the supply of current to the battery. Optionally, to indicate the state 

?0 of the battery the one or more determined properties of the battery comprises a battery 

internal impedance. The internal impedance can be used to indicate the state of the 

battery. Optionally, the battery internal impedance is calculated from a measured 

change in current and a measured change in voltage across the battery. This allows the 

internal impedance of the battery to be determined indirectly. Optionally, the determined 

?5 property of the battery comprises one or more cell internal impedances. Optionally, the 

determined property of the battery comprises a maximum cell impedance. Where the 

battery comprises multiple cells, the cell impedances can be different for each cell. The 

cell with the highest impedance will determine the limits of a safe charging current.  

Optionally, the determined property of the battery comprises a battery temperature. The 

30 battery and/or cell temperature can indicate information about the state of the battery.  

Optionally, the varied property comprises at least one of: a current mean value; a 

current maximum value; a current amplitude; a duty cycle; and/or a charging mode.  

Varying these properties of the current can alter the power supplied to the battery, 

keeping it within safe limits while minimising the battery charge time. Optionally, the
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system further comprises a clock, wherein the clock is configured to measure the time 

the battery has been charging, thereby to determine a charge received by the battery.  

This allows the state of charge of the battery to be monitored. To enable self-learning 

and updating, the control unit can be configured to store a plurality of the determined 

5 properties of the battery in a database and/or look-up table. According to a further 

aspect of the present invention, there is provided a method for monitoring the internal 

impedance of a battery during charging, the method comprising the steps of: providing a 

time varying current to the battery; measuring a change in current substantially 

continuously; measuring a corresponding change in voltage substantially continuously; 

0 and determining the internal impedance of the battery from the change in current and 

the corresponding change in voltage. Optionally, the time varying current is provided in 

the form of an oscillating DC waveform. Optionally, at least a portion of the waveform 

has substantially the form of squared sine wave. These wave forms can provide 

favourably battery charging while being simple to generate. Optionally, for accuracy the 

5 waveform has a minimum occurring at a current value of less than about 0.5 amps, 

preferably less than about 0.1 amps, more preferably about zero amps. This can reduce 

the effects of static build and/or an internal potential up on the measurement of the 

current change and voltage change. Optionally, the impedance is determined at at least 

the frequency of the waveform. This provides a substantially continuous determination 

?0 of the battery impedance. Optionally, the change in current and/or change in voltage are 

measured during a rising portion of the waveform. For accuracy, the change in current 

and/or change in voltage are measured starting at a waveform minimum. The waveform 

minimum provides a convenient start point for measurements, and can result in greater 

measured changes in current, and therefore a reduced fractional error. For flexibility, the 

?5 change in current and/or change in voltage are measured during a falling portion of the 

waveform. According to a further aspect of the present invention, there is provided a 

battery charger, the battery charger being adapted to provide a current with an 

oscillating waveform, wherein the waveform minima are at or near OA. Optionally, the 

waveform minima are at less than 0.1A, more preferably at less than 0.01A and yet 

30 more preferably at less than 0.001A. Providing waveform minima at or near OA can 

reduce the build-up of static charges and/or internal potentials in the battery. Optionally, 

the peak-to-peak current is greater than 1A, and preferably between about 10A and 

about 30A. Providing a large peak-to-peak current can increase the accuracy of the 

impedance measurement. For accuracy, per oscillation cycle of the waveform at least
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0.5 ms are at or near OA, preferably at least 1 ms more preferably at least 5 ms, 

and yet more preferably at least 10 ms. For accuracy, per oscillation cycle of the 

waveform at least 0.5 % of the cycle period is at or near OA, preferably at least 1 %, 

more preferably at least 5 %, and yet preferably at least 10 %. Optionally, a plurality of 

5 battery charging systems are provided, and each battery charging system is configured 

to receive an input from a single phase of a multi-phase input and to generate a 

common output. According to a further aspect of the present invention, there is 

provided a method of charging a battery, the method comprising converting an AC 

power source to a charging current to a battery, wherein the current has an oscillating 

0 waveform, and the waveform minima are at or near OA. Optionally, the waveform is 

according to one or more of the waveforms described above in relation to other aspects 

of the invention. According to another aspect there is provided 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 and/or 

5 the duty cycle to provide a current with a desired wave form. By varying the switching 

frequency and/or the duty cycle the current provided can vary over time; this can enable 

providing a current with a desired wave form. Battery charging with a particular wave 

form can be beneficial for a number of reasons including optimisation of current uptake 

by the battery, reduction of battery heating, evaluation of battery health, reduction of 

?0 battery charging time, and optimisation of battery lifespan. The controller may be 

adapted to vary the switching frequency and/or the duty cycle after one or more duty 

cycles of the switched-mode power converter. By varying the switching frequency 

and/or the duty cycle relatively frequently, smooth wave forms can be achieved. For 

smooth wave forms the controller may be adapted to vary the switching frequency 

?5 and/or the duty cycle after each duty cycle of the switched-mode power converter. The 

controller may be adapted to vary the switching frequency and/or the duty cycle in 

dependence on a voltage oscillation of an AC power source. This can enable efficient 

generation of an oscillating current wave form. Because of the dependency a high 

power factor can be achieved. This can avoid the necessity for power factor correction 

30 hardware, which can be bulky, large, and heavy. The controller may be adapted to vary 

the switching frequency and/or the duty cycle multiple times during each voltage 

oscillation of the AC power source, preferably at least three times during each voltage 

oscillation, preferably at least 10 times, more preferably at least 100 times during each 

voltage oscillation, and yet more preferably at least 800 times during each voltage
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oscillation. This can enable good replication of the voltage oscillation. For 

accuracy the battery charger may further comprise a voltage sensor adapted to provide 

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

voltage sensor may be adapted to sense the voltage at least as often as the controller 

5 varies the switching frequency. The switching frequency and/or the duty cycle may be 

varied in dependence on a rectified (preferably full-wave rectified) voltage oscillation of 

the AC power source. Rectification can double the oscillation frequency and ensure the 

oscillation does not change polarity, which is favourable for varying the switching 

frequency in dependence on the voltage oscillation. The desired wave form may have a 

0 frequency of about an integer multiple of a frequency of the AC power source, 

preferably about twice a frequency of the AC power source. This can provide 

particularly efficient generation of an oscillating current wave form with a particularly 

high power factor. For efficiency the desired wave form may be locked to a frequency of 

the AC power source. The desired wave form may be a sine wave, a full-wave rectified 

5 sine wave, a squared sine wave, or a combination thereof. These wave forms can 

provide favourably battery charging while being simple to generate. The switched-mode 

power converter may be a flyback transformer. A flyback transformer can accommodate 

a suitable switching frequency and/or duty cycle range. For effectiveness the switched

mode power converter may be adapted for operation in a critical conduction mode. The 

?0 switching frequency and/or the duty cycle may be varied within a range of 1 to 1000 

kHz, and preferably within a range of 10 to 500 kHz, and more preferably within a range 

of 40 to 200 kHz. This is comparatively higher than typical mains power supply 

frequencies of 50 or 60 Hz and rectified frequencies of 100 or 120 Hz, and so can 

enable smooth generation of desired wave forms with frequencies between 25 and 150 

?5 Hz. For adaptability the controller may be adapted to vary the switching frequency 

and/or the duty cycle in dependence on a desired maximum charging current to a 

battery. The desired maximum charging current may be 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 

30 battery charge. These can be particularly indicative of conditions or circumstances 

where a relatively high or low charging current might be advantageous. The controller 

may be adapted to vary the switching frequency and/or the duty cycle such that a 

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

O.1A, more preferably less than 0.01A and yet more preferably approximately OA. This
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can reduce hysteresis effects and enable favourable battery behaviour and charging.  

The controller may be adapted to vary the switching frequency and/or the duty cycle 

such that a peak-to-peak current provided to a battery is greater than 1A, and preferably 

between about 10A and about 30A. This can enable effective charging of batteries such 

5 as lithium-ion batteries, batteries for hand-held devices without excessively high and 

dangerous currents. The battery charger may further comprise a smoother adapted to 

smooth the output current from the power converter. Each of the plurality of battery 

chargers may be configured to be connected to a multi-phase input and may be 

connected to a common output. This can enable generation of a smooth wave form 

0 from a rectified wave form. A smooth wave form is favourable for battery charging as it 

can enable effective charging. According to another aspect there is provided 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 

and/or the duty cycle is varied in dependence on a desired wave form. By varying the 

5 switching frequency and/or the duty cycle the current provided can vary over time; this 

can enable providing a current with a desired wave form. Battery charging with a 

particular wave form can be beneficial for a number of reasons including optimisation of 

current uptake by the battery, reduction of battery heating, evaluation of battery health, 

reduction of battery charging time, and optimisation of battery lifespan. The switching 

?0 frequency and/or the duty cycle may be varied after one or more duty cycles of the 

switched-mode power converter, preferably after each duty cycle. By varying the 

switching frequency relatively frequently, smooth wave forms can be achieved. The 

switching frequency and/or the duty cycle may be varied in dependence on a voltage 

oscillation of the AC power source. This can enable efficient generation of an oscillating 

?5 current wave form. Because of the dependency a high power factor can be achieved.  

This can avoid the necessity for power factor correction hardware, which can be bulky, 

large, and heavy. The switching frequency and/or the duty cycle may be varied multiple 

times during each voltage oscillation of the AC power source, preferably at least three 

times during each voltage oscillation, preferably at least 10 times, more preferably at 

30 least 100 times, and yet more preferably at least 800 times during each voltage 

oscillation. This can enable good replication of the voltage oscillation. For accuracy the 

method may further comprise sensing a voltage of an AC power source and varying the 

switching frequency and/or the duty cycle in dependence on the voltage, and preferably 

comprising sensing the voltage at least as often as the switching frequency is varied.
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The switching frequency and/or the duty cycle may be varied within a range of 1 to 

1000 kHz, and preferably within a range of 10 to 500 kHz, and more preferably within a 

range of 40 to 200 kHz. This is comparatively higher than typical mains power supply 

frequencies of 50 or 60 Hz and rectified frequencies of 100 or 120 Hz, and so can 

5 enable smooth generation of desired wave forms with frequencies between 25 and 150 

Hz. The switching frequency and/or the duty cycle may be varied in dependence on a 

rectified (preferably full-wave rectified) voltage oscillation of the AC power source.  

Rectification can double the oscillation frequency and ensure the oscillation does not 

change polarity, which is favourable for varying the switching frequency in dependence 

0 on the voltage oscillation. For adaptability the switching frequency and/or the duty cycle 

may be varied in dependence on a desired maximum charging current to a battery, 

optionally 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 

5 battery charge. These can be particularly indicative of conditions or circumstances 

where a relatively high or low charging current might be advantageous. The switching 

frequency and/or the duty cycle may be varied such that a minimum charging current 

provided to a battery is less than 1A, preferably less than 0.1A, more preferably less 

than 0.01A and yet more preferably approximately OA. This can reduce hysteresis 

?0 effects and enable favourable battery behaviour and charging. The switching frequency 

may be varied such that a peak-to-peak current provided to a battery is greater than 1A, 

and preferably between about 10A and about 30A. According to another aspect there is 

provided a battery charging system comprising one or more of the following features: 

* a transformer, preferably including a first primary winding and/or a first secondary 

25 winding; 

* a primary switch device, the primary switch device preferably being configured to 

control electrical current delivered to a transformer, for example to a first primary 

winding, from an electrical power supply; 

* terminals configured to receive electrical power from a transformer, for example 

30 from a first secondary winding of a transformer, and configured to be connected 

to a battery to be charged; 

* a control sub-system configured to control the operation of a primary switch 

device;
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* a control sub-system configured to control a primary switch device such that a 

transformer provides electrical power to terminals with an electrical current 

waveform which has a peak-to-peak current of greater than about 1A; 

* a control sub-system configured to determine the electrical impedance of a 

5 battery to be charged using an electrical current waveform; 

* a control sub-system configured to control a primary switch device based at least 

in part on a determined electrical impedance of a battery to be charged; 

* an electrical current waveform having a frequency of greater than about 60Hz, 

preferably about 100Hz to 120Hz; 

0 • an electrical current waveform having a peak-to-peak current of about 10A to 

about 30A; 

* an electrical current waveform varying between a low current of about OA and a 

peak current; 

* an electrical current waveform having a frequency which is substantially twice a 

5 frequency of the electrical power supply; 

* a primary switch device operated according to a frequency and/or duty cycle 

which is varied based at least in part on an determined electrical impedance of 

the battery to be charged; 

* an envelope of one or more pulses of electrical current delivered to a transformer 

20 substantially follows a voltage waveform of the electrical power supply; 

• a transformer is a flyback transformer; 

* an electrical impedance of a battery to be charged is determined at a frequency 

of greater than about 60 Hz, and preferably at a frequency of between about 100 

Hz and about 120Hz; 

25 • a transformer being connectable to a rectified AC electric power supply; 

* a control sub-system configured to control a primary switch device such that a 

transformer provides electrical power to terminals with an electrical current 

waveform which has a substantially rectified sine waveform current and/or a 

constant root mean square sine waveform; 

30 • a control sub-system configured to control a primary switch device such that a 

transformer provides electrical power to terminals with an electrical 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 switch device between on- and off-states at frequencies which vary 

over time; and 

* a control sub-system configured to control a primary switch device to actuate the 

5 primary switch device between on- and off-states at frequencies which are 

dependent on a magnitude of a voltage of an AC electric power supply and/or a 

magnitude of a battery current and/or on a magnitude of a battery voltage.  

According to another aspect there is provided a method of operating a battery charging 

0 system comprising one or more of the following features: 

* the battery charging system includes a transformer, preferably including a first 

primary winding, a first secondary winding, 

* the battery charging system includes a primary switch device, the primary switch 

device preferably being configured to control electrical current delivered to a first 

5 primary winding from an electrical power supply; 

* terminals configured to receive electrical power from a first secondary winding of 

a transformer and configured to be connected to a battery to be charged; 

* a control sub-system configured to control the operation of the primary switch 

device: 

20 • controlling a primary switch device such that a transformer provides electrical 

power to terminals with an electrical current waveform which has a peak-to-peak 

current of greater than about 1A; 

* determining an electrical impedance of a battery to be charged using an electrical 

current waveform; 

25 0 controlling a primary switch device further based at least in part on a determined 

electrical impedance of a battery to be charged; 

* controlling a primary switch device includes controlling a primary switch device 

such that an electrical current waveform has a frequency of greater than about 

60Hz, and preferably about 100Hz to 120Hz; 

30 • controlling a primary switch device includes controlling a primary switch device 

such that an electrical current waveform has a peak-to-peak current of about 10A 

to about 30A;
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* controlling a primary switch device includes controlling a primary switch 

device such that an electrical current waveform varies between a low current of 

about OA and a peak current; 

* controlling a primary switch device includes controlling a primary switch device 

5 such that an electrical current waveform has a frequency which is substantially 

twice a frequency of an electrical power supply; 

* controlling a primary switch device further includes controlling the primary switch 

device such that a frequency and/or duty cycle of the primary switch device is 

varied based at least in part on a determined electrical impedance of a battery to 

0 be charged; 

* controlling the primary switch device includes controlling the primary switch 

device such that an envelope of one or more pulses of electrical current delivered 

to a transformer substantially follows a voltage waveform of an electrical power 

supply; and 

5 • an electrical impedance of a battery to be charged is determined at a frequency 

of greater than about 60 Hz, and preferably at a frequency of between about 100 

Hz and about 120Hz.  

As used herein, DC preferably refers to a voltage and/or a current with a constant 

?0 polarity. A DC voltage and/or current may vary in time, for example in a pulsating, 

oscillating, or otherwise varying waveform. In a switched-mode power converter, 

variation of the switching frequency results in variation of the duty cycle, and vice versa.  

Variation of the switching frequency can be achieved by varying the duty cycle, and vice 

versa. Where variation of the switching frequency is referred to herein, it may be 

?5 substituted by variation of the duty cycle. The invention extends to a battery charger 

and/or battery charging system substantially as herein described and/or as illustrated 

with reference to the figures. The invention also extends to a method for charging a 

battery substantially as herein described and/or as illustrated with reference to the 

figures. The invention also extends to a method for determining the impedance of a 

30 battery substantially as herein described and/or as illustrated with reference to the 

figures.
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Any apparatus feature as described herein may also be provided as a method 

feature, and vice versa. As used herein, means plus function features may be 

expressed alternatively in terms of their corresponding structure.  

5 Any feature in one aspect of the invention may be applied to other aspects of the 

invention, in any appropriate combination. In particular, method aspects may be applied 

to apparatus aspects, and vice versa. Furthermore, any, some and/or all features in one 

aspect can be applied to any, some and/or all features in any other aspect, in any 

appropriate combination.  

10 

It should also be appreciated that particular combinations of the various features 

described and defined in any aspects of the invention can be implemented and/or 

supplied and/or used independently.  

5 Embodiments of the present invention are described, by way of example only, with 

reference to the accompanying drawings, in which: 

Figures la and lb schematically show what is believed to be occurring during 

conventional charging of a battery; 

Figure 2 shows an embodiment of the present invention; 

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

of embodiments; 

Figures 4-7 shows a battery charging system according to some embodiments and 

parts thereof; 

Figures 8-10 show the current through a first primary winding of a flyback transformer 

?5 during a charging cycle according to some embodiments; and 

Figures 11a-11c show graphical representations of the electrical current delivered to a 

battery, the electrical voltage across the battery terminals, and an extracted ripple 

voltage signal.  

Figure 12 shows a step-by-step procedure for charging a battery.  

30 Figure 13 shows a schematic example of a single cell battery control unit in use.  

Figure 14 shows a schematic example of a multi-cell battery control unit in use.  

Figure 15 shows a schematic example of a three phase input to a battery charger of 

some embodiments.
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The term "battery" as used herein is to be interpreted as referring to one or more 

cells capable of storing electrical charge and capable of being recharged following 

discharge of that electrical charge. If the battery includes multiple cells, then those cells 

may be connected together in a circuit to form the battery. The circuit may be a series 

5 circuit (in which the cells are connected together in series), or a parallel circuit (in which 

the cells are connected together in parallel), or a series-parallel circuit (in which cells 

are connected together in series with multiple groups of series connected cells 

connected in parallel with each other), or any combination of such circuits.  

0 The terms "battery terminals", "battery terminal", "terminal of a battery", and "terminals 

of a battery" as used herein are to be interpreted as referring to electrical terminal or 

terminals of the battery through which electrical power may be delivered by the battery 

to one or more circuits and/or through which electrical power may be provided to the 

battery in order to recharge the battery.  

15 

The terms "anode" and "negative electrode" are used herein substantially 

interchangeably and are to be interpreted as references to the internal parts of a cell 

which form the anode of that cell. Similarly, the terms "cathode" and "positive electrode" 

are used herein substantially interchangeably and are to be interpreted as references to 

?0 the internal parts of a cell which form the cathode of that cell.  

Embodiments of the invention will be described with reference to a "battery" but it will be 

appreciated that this is typically a reference the operation of and processes in a single 

cell, and that a battery comprising multiple cells may have a corresponding plurality of 

?5 anodes and cathodes and similar operations and processes may be occurring in each 

cell of the battery.  

A battery (and, therefore, a cell) as described herein may be a lithium ion battery (or 

cell) but it is envisaged that embodiments of the present invention may be used with 

30 other forms of battery (and cell) too.  

With reference to figures 1a and 1b, and again without wishing to be bound by theory, 

these figures schematically show what is believed to be occurring in a battery during a 

conventional charging cycle using a constant current operation.
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As can be seen from figures 1a and 1b, a battery 1 includes a cell 11 and that cell 11 

includes an anode 111 and a cathode 112 in an electrolyte 115. A separator 113 may 

positioned between the anode 111 and cathode 112. The anode 111 may be 

5 connected in electrical communication with a negative terminal 12 of the battery 1 and 

the cathode 112 may be connected in electrical communication with a positive terminal 

13 of the battery 1.  

A solid-electrolyte interphase (SEI) layer 114 is located at or towards the boundary of 

0 the anode 111.  

During charging of the battery 1, an electrical voltage is applied across the terminals 

12,13 of the battery 1 to cause ions 3 to pass from the cathode 112, e.g. through the 

separator 113 and electrolyte 115, to the anode 111 and through the SEI layer 114 to 

5 intercalate in the anode 111 (during discharge, of course, the flow of ions 3 is in the 

opposite direction 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 conventional charging cycle during a constant 

?0 current operation. Therefore, a pile-up of ions 3 occurs at or towards the boundary of 

the anode 111 (i.e. in the region of the SEI layer 114). This is schematically 

represented in figure 1b.  

As explained herein, it is believed that this - in turn - increases the electrical resistance 

?5 within the battery 1 and/or causes growth of the SEI layer 114. This is believed to 

cause additional heating of the battery 1 during the charging cycle which, again, has an 

impact on speed at which the battery 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 

process, and/or the lifespan of the battery in terms of the number of charging cycles 

30 which the battery 1 can undergo before charge capacity drops below acceptable levels.  

With reference to figure 2, embodiments of the present invention, therefore, include a 

battery charging system 100 which is configured to supply electrical current to the 

battery 1, also referred to as a charging current, wherein the electrical current may be of
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a waveform of varying amplitude with a generally non-zero mean average current 

and may be a waveform with a substantially constant mean average current (and that 

waveform may be substantially sinusoidal for example). Further examples of a suitable 

waveform include an oscillating DC waveform or a pulsed DC waveform. Such a 

5 waveform can, for example, be supplied by a switched-mode power converter along 

with a controller adapted to vary the switching frequency to provide a current with a 

desired waveform.  

Figures 3a-3c show the electrical current delivered to the battery 1 by the battery 

0 charging system 100 of some embodiments (figure 3a), the voltage of the mains power 

supply 102 (figure 3b), and the current drawn from the electrical power supply (figure 

3c), for a mains power supply 102 with an RMS voltage of about 85V. Figures 3d-4f 

show the electrical current delivered to the battery 1 by the battery charging system 100 

of some embodiments (figure 3d), the voltage of the mains power supply 102 (figure 

5 3e), and the current drawn from the electrical power supply (figure 3f), for a mains 

power supply 102 with an RMS voltage of about 265V.  

The frequency of the electrical current supplied to the battery 1 by the battery charging 

system 100 may be generally about twice the frequency of an electrical power supply to 

?0 the battery charging system 100 and/or the electrical current supplied to the battery 1 by 

the battery charging system 100 may have a waveform substantially corresponding to a 

rectified form of a waveform of a supply voltage (e.g. a full-wave rectified form). The 

frequency of the electrical current supplied to the battery 1 may be, for example, 100Hz 

or 120Hz. The magnitude of the current supplied to the battery 1 may be generally 

?5 equal to the peak current supplied to the battery 1.  

Accordingly, in embodiments of the present invention, the battery charging system 100 

may be configured to supply electrical power to the battery 1 during a charging cycle in 

a first operation as described above. The battery charging system 100 may be 

30 configured to supply electrical power to the battery 1 during the same charging cycle in 

a second operation in which, for example, the electrical power is supplied with a 

substantially constant voltage or even a constant power.
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As can be seen from the examples in figures 3a-3c and 4a-4c, the electrical 

power supply voltage (Va) may be typical of the mains AC electrical supply voltage 

which is available in many countries - the voltage and frequency of which may be 

different in different countries (e.g. 85-265V RMS, and 50-6Hz). Vac is, therefore, 

5 typically of sinusoidal form centred on OV. The electrical current (Ibat) supplied to the 

battery 1 may have a waveform which has a frequency which is related to that of Vac 

and which may be, for example, substantially twice the frequency of Vac, or about an 

integer multiple of the frequency of Va,. The electrical current (bat) supplied to the 

battery 1 may have a non-zero mean average (i.e. may have an offset from OA) and 

0 may be of a generally sinusoidal form - as described herein. The electrical current (bat) 

may be generally of the form of a full-wave rectified waveform of the supply voltage Vac 

and so, in some embodiments, the lower peaks of the waveform may be sharper than 

depicted in figures 4a and 4b, for example.  

5 The waveform of the electrical current, Ibat, supplied to the battery 1, may vary between 

a low current (i.e. the lowest current of the waveform) and a peak current (i.e. the 

highest current of the waveform). The low current may be substantially OA. The peak 

current may be between about 1A and about 30A, or between about 10A and about 

30A, or between about 20A and about 30A. The peak-to-peak variation in the electrical 

?0 current, Ibat, supplied to the battery 1 (i.e. the difference between the peak current and 

the low current) may be greater than about 1A, or greater than about 10A, or greater 

than about 20A or about 30A. Generally this peak battery charging current is about 10 

times the capacity of the battery. For example, the battery we use is 2.6 Ah. Thus the 

peak current is about 26 Amps, giving an average battery charging current of about 16 

?5 Amps.  

The waveform of the electrical current, Ibat, may repetitively oscillate between the low 

current and the peak current. In some embodiments, this waveform is a substantially 

smooth waveform. In some embodiments, the waveform is substantially a full-wave 

30 rectified sinusoidal shape. In some embodiments the waveform partially has the form of 

a rectified sine wave and partially has the form of a sine squared wave. For example, 

the portion of the waveform around the waveform maximum can have substantially the 

form of a rectified sine wave, while the portion of the waveform around the waveform
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minimum can have substantially the form of a sine squared wave (also herein 

referred to as a squared sine wave).  

It is believed that the provision of the non-zero mean electrical current waveform (bat) to 

5 the battery 1 during charging, helps to reduce the pile-up of ions as described above.  

This, in turn, reduces the electrical resistance of the battery 1 during the charging cycle.  

This improves the efficiency of the charging of the battery 1, reduces the heat generated 

during the charging process and enables safer charging of the battery 1, with a higher 

overall charging current. In addition, the first operation of the charging cycle can be 

0 used until the battery 1 is at a greater relative level of charge (e.g. 80% or more, or 90% 

or more of the total charge capacity, or between 90% and 95% of the total charge 

capacity) than with some conventional charge cycles.  

Indeed, in some embodiments, the second operation of the charge cycle may be 

5 omitted entirely.  

Some embodiments may include a third operation of the charge cycle in which electrical 

power is occasionally (e.g. periodically) supplied to the battery 1 to compensate for self

discharge of the battery 1.  

20 

As will be appreciated, the battery charging system 100 may be implemented in a 

number of different manners. However, in some embodiments, additional advantages 

can be achieved by implementing the battery charging system 100 in accordance with 

particular embodiments described herein - as will become apparent.  

25 

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

discussed in more detail.  

Some embodiments of the battery charging system 100 may include a flyback 

30 transformer (also referred to herein as a flyback converter) 101. The flyback 

transformer 101 may be configured to be connected in electrical communication with a 

mains power supply 102. The mains power supply 102 may be an AC mains power 

supply delivering electrical power at the supply voltage Va,. The battery charging 

system 100 may include a rectifier circuit 103 which is configured to receive electrical
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power from the mains power supply 102 and to rectify the electrical power from the 

mains power supply 102 for delivery to the flyback transformer 101.  

An electromagnetic interference filter 104 of the battery charging system 100 may be 

5 connected in electrical communication between the mains power supply 102 and 

flyback transformer 101. In some embodiments, the electromagnetic interference filter 

104 and the rectifier circuit 103 may be combined into a single circuit.  

The battery charging system 100 may further include a snubber circuit 105. The 

0 snubber circuit 105 may be connected between the mains power supply 102 and the 

flyback transformer 101, and in particular may be connected between the 

electromagnetic interference filter 104 and/or the rectifier circuit 103 and the flyback 

transformer 101. The snubber circuit 105 may be configured to attenuate voltage 

spikes which might otherwise damage a primary switch device 101a of the flyback 

5 transformer 101 and/or may be configured to re-circulate current from the flyback 

transformer 101.  

The primary switch device 101a of the flyback transformer 101 is configured to control 

the delivery of electrical power from the mains power supply 102 (and, for example, the 

?0 rectifier circuit 103 and/or electromagnetic filter 104 and/or snubber circuit 105) to a first 

primary winding 101b of the flyback transformer 101.  

The flyback transformer 101 further includes a first secondary winding 101c - the flow of 

electrical current through the first primary winding 101b being configured to induce the 

?5 flow of an electrical current in the first secondary winding 101c.  

The first secondary winding 101c is connected in electrical communication with an 

output rectifier circuit 106 which is configured to rectify the electrical power output from 

the flyback transformer 101 (i.e. the electrical current induced in the first secondary 

30 winding 101c).  

The battery charging system 100 includes terminals 107 which are configured to be 

connected to the terminals 12,13 of the battery 1 (in some embodiments, the terminals 

107 of the battery charging system 100 may be configured for selective connection to
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the terminals 12,13 of the battery 1). The terminals 107 of the battery charging 

system 100 are connected in electrical communication with the first secondary winding 

101c. The connection is via the output rectifier circuit 106 such that the output rectifier 

circuit 106 is configured to rectify the electrical power output by the first secondary 

5 winding 101cfor delivery to the battery 1 (which is connected to the terminals 107 of the 

battery charging system 100).  

In some embodiments, the output rectifier circuit 106 is a synchronous rectifier circuit 

which includes one or more switch devices - such as a transistor device (e.g. a 

0 MOSFET).  

In some embodiments, the battery charging system 100 may include a smoothing circuit 

108 which is connected in electrical communication between the first secondary winding 

101c and the terminals 107 of the battery charging system 100. The smoothing circuit 

5 108 is configured to filter and/or smooth the current and/or voltage of the electrical 

power which is delivered to the terminals 107 (and so on to the battery 1) of the battery 

charging system 100.  

In some embodiments, the smoothing circuit 108 may include one or more capacitors 

?0 and/or inductors. In some embodiments, one or more capacitors are provided and are 

connected in parallel between the terminals 107 of the battery charging system 100, 

such that the capacitors form a bank of capacitors. In some embodiments, which may 

or may not include a bank of capacitors as part of the smoothing circuit 108, the 

smoothing circuit 108 includes at least one inductor which is connected in series 

?5 between the first secondary winding 101c and one of the terminals 107 of the battery 

charging system 100.  

The one or more capacitors of the smoothing circuit 108 may include one or more 

polymer electrolytic capacitors and may have a low internal resistance along with being 

30 capable of high ripple current.  

The battery charging system 100 may further include, in some embodiments, an 

isolation switch 109 which is configured to disconnect one or both of the terminals 107 

of the battery charging system 100 from electrical communication with at least the first
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secondary winding 101c but may also disconnect the or each terminal 107 from 

electrical communication with the output rectifier circuit 106 and/or the smoothing circuit 

108 (or a part thereof).  

5 The battery charging system 100 may further include a control sub-system 110. The 

control sub-system 110 is configured to control the operation of the battery charging 

system 100 including, for example, one or more of the flyback transformer 101 (e.g. the 

primary switch device 101a thereof), the rectifier circuit 103, the output rectifier circuit 

106, and the isolation switch 109.  

10 

The control sub-system 110 may further include one or more sensor circuits and/or 

elements which are each configured to measure and/or determine one or more 

properties associated with the operation of the battery charging system 100 and/or the 

battery 1 such that the control sub-system 110 can control the operation of the battery 

5 charging system 100 based, at least in part, on the information received from the one or 

more sensor circuits and/or elements. For example, properties of the charging current 

can be varied in dependence on the determined properties, such as the battery 

impedance for example, that are determined substantially continuously during charging.  

?0 The one or more sensor circuits and/or elements may include an electrical supply 

voltage sensor circuit 1111 which is configured to sense an electrical voltage of the 

mains electrical supply 102 - which may be the voltage after rectification by the rectifier 

circuit 103, if provided. The electrical supply voltage sensor circuit 1111 may include a 

potential divider circuit which is configured to reduce a voltage to a level which can be 

?5 used by other parts of the control sub-system 110.  

The one or more sensor circuits and/or elements may include a primary winding current 

sensor circuit 1112 which is configured to sense an electrical current delivered to the 

first primary winding 101b of the flyback transformer 101. The primary winding current 

30 sensor circuit 1112 may include a shunt circuit, for example. The primary winding 

current sensor circuit 1112 may be configured to sense an electrical current passing 

through the primary switch device 101a from the first primary winding 101b to ground or 

to the mains power supply 102.
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The one or more sensor circuits and/or elements may include a battery terminal 

voltage sensor circuit 1113 which is configured to sense an electrical voltage, Vbt, 

across the terminals 107 of the battery charging system 100 and, hence, across the 

terminals 12,13 of the battery 1 connected thereto. The battery terminal voltage sensor 

5 circuit 1113 may include a potential divider circuit which is configured to reduce the 

voltage to a level which can be used by other parts of the control sub-system 110.  

The one or more sensor circuits and/or elements may include a battery terminal current 

sensor circuit 1114 which is configured to sense an electrical current delivered to or 

0 returned from at least one of the terminals 107 of the battery charging system 100 and, 

hence, delivered to the battery 1 connected thereto. The battery terminal current sensor 

circuit 1114 may include a shunt circuit, for example. The battery terminal current 

sensor circuit 1114 may be configured to determine an electrical current passing 

through the output rectifier circuit 106 from a terminal 107 of the battery charging 

5 system 100 to the first secondary winding 101c of the flyback transformer 101.  

The control sub-system 110 may, in some embodiments, include a primary or input side 

controller 1115 and a secondary or output side controller 1116. The primary side 

controller 1115 may be configured to communicate with the output side controller 1116, 

?0 and/or vice versa, through a communication channel which may include an opto-coupler 

circuit 1117. The opto-coupler circuit 1117 may be configured to allow communication 

between the primary and secondary side controllers 1115,1116 whilst keeping the two 

controllers 1115,1116 electrically isolated. As will be appreciated, therefore, the opto

coupler circuit 1117 may include a light emitting diode controlled by the primary side 

?5 controller 1115 and a phototransistor connected to the secondary side controller 1116.  

In some embodiments, a second primary or first "bias" winding 101d is provided as part 

of the flyback transformer 101. The second primary winding 101d may be configured, in 

association with the first primary winding 101b, such that a current passing through the 

30 first primary winding 101b will also induce a current in the second primary winding 101d.  

The electrical power, therefore, induced in the second primary winding 101d may be 

used to provide electrical power to one or more of the parts of the control sub-system 

110 - e.g. to the primary side controller 1115. A first bias circuit 101e may be provided 

to ensure the correct delivery of electrical power to the primary side controller 1115.
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The voltage of the output from the second primary winding 1Old is referred to herein 

as the "primary bias voltage", Vias-primary. Besides, the second primary, or first bias 

winding is used to detect the magnetic state of the flyback transformer, thus assuring 

the critical conduction mode of operation of the flyback converter.  

5 

In some embodiments, the flyback transformer 101 may include a second secondary 

winding 101g or second "bias" winding. The second secondary winding 101g may be 

configured, in association with the first primary winding 101b, such that a current 

passing through the first primary winding 101b will also induce a current in the second 

0 secondary winding 101g. The electrical power, therefore, induced in the second 

secondary winding 101g may be used to provide electrical power to one or more of the 

parts of the control sub-system 110 - e.g. to the secondary side controller 1116. A 

second bias circuit 101f may be provided to ensure the correct delivery of electrical 

power to the secondary side controller 1116. The voltage of the output from the second 

5 secondary winding lOg is referred to herein as the "secondary bias voltage", Vias

secondary.  

In the depicted embodiment, the first and second bias circuits 101e,f are depicted in 

multiple parts for simplicity of the representation. It will be appreciated, however, that 

?0 they may be respective single circuits or connections.  

The secondary side controller 1116 is configured to compare a signal representative of 

the voltage of across the terminals 107 of the battery charging system 100 (e.g. the 

output from the battery terminal voltage sensor circuit 1113) with a battery terminal 

?5 reference voltage.  

The secondary side controller 1116 may be further configured to compare a signal 

representative of the current delivered to or returned from at least one of the terminals 

107 of the battery charging system 100 (e.g. the output from the battery terminal current 

30 sensor circuit 1114) with a battery reference current.  

The secondary side controller 1116 may be configured to use the results of the voltage 

and/or current comparisons in order to determine a mode of operation for the battery 

charging system 100. This mode of operation may include determining which of the
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first, second, or third operation of the charging cycle to use. In some 

embodiments multiple charging modes and/or duty cycles are available.  

In some embodiments, the secondary side controller 1116 may be configured to receive 

5 a signal indicative of the temperature of the battery 1 - e.g. from a battery temperature 

sensor 1118 configured to sense a temperature of the battery 1 or a parameter 

representative of that temperature and to output a signal accordingly. The secondary 

side controller 1116 of these embodiments may use the signal indicative of the 

temperature of the battery 1 to determine which of the multiple operations of the 

0 charging cycle to use (in addition to or as an alternative to using the comparison or 

comparisons discussed above).  

The secondary side controller 1116 is, therefore, configured to output a control signal, 

C. This control signal, C, may be communicated to the primary side controller 1115 

5 (e.g. via the opto-coupler circuit 1117) and the primary side controller 1115 may use this 

control signal, C, to control the operation of the flyback transformer 101 - as described 

herein.  

The secondary side controller 1116 may be further configured to operate the isolation 

?0 switch 109 if one or more predetermined conditions occur and these may include one or 

more of a particular current delivered to or received from the battery 1 exceeding or 

falling below a predetermined threshold current, and/or a voltage across the terminals 

12,13 of the battery 1 exceeding or falling below a predetermined threshold voltage, 

and/or the battery temperature falling below or exceeding a predetermined threshold 

?5 temperature.  

The secondary side controller 1116 may be configured to control the operation of the 

output rectifier circuit 106 (which may be a synchronous rectifier circuit) based on the 

output of a signal indicative of the electrical current delivered to the terminals 107 of the 

30 battery charging system 100 (i.e. to the battery 1 connected thereto) and/or based on a 

signal indicative of the current passing through the output rectifier circuit 106. This 

signal may, as will be appreciated, be the output from the battery terminal current 

sensor circuit 1114. In some embodiments, the secondary side controller 1116 is 

configured to actuate the output rectifier circuit 106 to an on-state when the flyback
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transformer 101 is discharging to the terminals 107 of the battery charging 

system 100 and to disable the output rectifier circuit 106 to an off-state when the flyback 

transformer 101 is not discharging to the terminals 107.  

5 The primary side controller 1115 is configured to control the operation of the flyback 

transformer 101 and, in particular, to control the actuation of the primary switch device 

101a. The primary side controller 1115 is configured to control the operation of the 

flyback transformer 101 based at least in part on one or more of the control signal, C, a 

signal representative of the electrical current delivered to the first primary winding 101b 

0 (e.g. the output of the primary winding current sensor circuit 1112), a signal 

representative of the electrical voltage (V,) of the mains power supply 102 after 

rectification by the rectifier circuit 103 (e.g. the output of the electrical supply voltage 

sensor circuit 1111), and the AC bias voltage, Vias before the bias rectification circuit.  

5 The primary side controller 1115 is configured to operate the flyback transformer 101 in 

a critical conduction mode of operation.  

Accordingly, the primary side controller 1115 may be configured to actuate the primary 

switch device 101a to an on-state (such that electrical power may pass from the mains 

?0 power supply 102 to the first primary winding 101b) once it has been determined that 

the energy stored in the flyback transformer 101 (e.g. in the windings 101b,101c,101d, 

and any core thereof) has been dissipated - i.e. delivered to the terminals 107 of the 

battery charging system 100 and to the battery 1 (or otherwise lost).  

?5 With the primary switch device 101a in its on-state, electrical power is delivered to the 

first primary winding 101b such that there is a build-up of energy stored in the flyback 

transformer 101 which, in turn, is delivered via the first secondary winding 101c as 

electrical power to the terminals 107 of the battery charging system 100 and to any 

battery 1 connected thereto.  

30 

The primary side controller 1115 may be further configured to actuate the primary 

switch device 101a to an off-state (such that electrical power is substantially prevented 

or hindered from passing from the mains power supply 102 to the first primary winding 

101b) when the signal representative of the electrical current delivered to the first
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primary winding 101b has reached a value which is dependent on the signal 

representative of the electrical voltage of the mains power supply 102, and the control 

signal, C.  

5 The primary side controller 1115 may be configured, therefore, to actuate the primary 

switch device 101a to have a switching frequency (i.e. a frequency of switching between 

is on- and off-states) which varies over time.  

The primary side controller 1115 may actuate the primary switch device 101a such that 

0 the electrical current flowing through the first primary winding 101b has an envelope 

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 a varying frequency and/or duty cycle (the 

frequency and/or duty cycle determining the magnitude of the current) and the 

5 frequency and/or duty cycle being controlled by the actuation of the primary switch 

device 101a. Figure 8 shows a graphical representation of the current delivered to the 

first primary winding 101b and shows the envelope of this current. Figures 9 and 10 

show the pulses of current which form part of that envelope at different times.  

?0 Accordingly, during an initial period, the frequency of actuation of the primary switch 

device 101a (and hence the current in the first primary winding 101b) may be relatively 

high (see figure 9, for example) (and/or the duty cycle may be relatively low), with the 

frequency of the actuation decreasing (and/or the duty cycle increasing) as the 

magnitude of the envelope of the current increases (see figure 10, for example), before 

?5 the frequency of actuation increases again (and/or the duty cycle decreases) as the 

magnitude of the envelope of the current decreases (see figure 9 again, for example).  

Accordingly, the frequency and/or duty cycle of actuation of the primary switch device 

varies over time and the frequency and/or duty cycle at any given time is dependent on 

the magnitude of the voltage of the electrical supply, Va, at that time.  

30 

This operation of the primary side controller 1115 and primary switch device 101a helps 

to ensure an improved power factor (which may be 0.9 or above).
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In some embodiments, the primary side controller 1115 may be implemented using 

a circuit such as depicted in figure 7. In this embodiment, the primary side controller 

1115 includes a variable gain amplifier 1115a which is configured to receive the signal 

representative of the electrical voltage of the mains power supply 102 and to attenuate 

5 or amplify that signal using the control signal, C. The output from this variable gain 

amplifier 1115a is passed to a first comparator 1115b of the primary side controller 1115 

(e.g. to a non-inverting input thereof). The signal representative of the electrical current 

delivered to the first primary winding 101b may be passed to an inverting input of the 

first comparator 1115b. The output of the first comparator 1115b may be connected to 

0 a reset input of a set-reset flip-flop 1115c of the primary side controller 1115. The bias 

voltage (or a signal representative of the bias voltage) may be connected to an inverting 

input of a second comparator 1115d of the primary side controller 1115. Anon-inverting 

input of the second comparator 1115d may be connected to ground. An output of the 

second comparator 1115d may be connected to a set input of the set-reset flip-flop 

5 1115c, and an output of the set-reset flip-flop 1115c may be connected to the primary 

switch device 101a to control its actuation.  

In some embodiments, the primary switch device 101a is a transistor device such as a 

Power MOSFET and, in such embodiments, the output of the set-reset-flip-flop 1115c 

?0 maybe connected to agate of the MOSFET forming the primary switch device 101a.  

In some embodiments, the flyback transformer 101 is of a gapped ferrite core flyback 

type which may have four interleaved windings - to reduce leakage inductance. The 

flyback transformer 101 may, for example, be a high frequency transformer 101 

?5 configured to operate at up to 150W per core.  

The bias circuit first 101e may include one or more fast rectifier diodes in order to 

provide electrical power to the primary controller sub-system 110.  

30 The frequency of operation of the flyback transformer 101 - e.g. the switching frequency 

of the primary switch device 101a - may be varied between about 40KHz and 200KHz.  

As will be appreciated, many conventional battery charging systems 100 use a Schottky 

rectifier diode in the output rectifier circuit 106. In some embodiments, of the present
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invention, however, the use of a synchronous rectifier removes the need 

for this Schottky rectifier diode - which can reduce cost, improve efficiency, eliminate 

the need of a heatsink and reduce the physical space required for the circuit.  

5 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 battery 1) is around 16A. The controller sub-system 110 may be configured such 

that the electric current delivered to the terminals 107 of the battery charging system 

100 (and so to the battery 1) varies between OA and 30A.  

10 

The controller sub-system 110 may be configured such that the isolation switch 109 is 

actuated to its off-state when the signal indicative of the voltage across the terminals 

107 of the battery charging system 100 reaches or exceeds about 4V and/or when the 

battery 1 is disconnected from the terminals 107.  

15 

In some embodiments, the secondary side controller 1116 acts as a master controller 

which is configured to control the operation of the primary side controller 1115 - which 

may, therefore, be referred to as a slave controller. The secondary side controller 1116 

may, in such embodiments, be configured to communicate with one or more systems 

?0 outside of the battery charging system 100 to control one or more aspects of the battery 

charging system's 100 operation.  

The secondary side controller 1116 (and primary controller 1116) can be configured to 

vary properties of the charging current in dependence on determined properties of the 

?5 battery during charging. Examples of determined properties of the battery and 

properties of the charging current are given below 

In some embodiments, the control sub-system 110 is configured to monitor the electrical 

impedance of the battery 1. The delivery of the charging current to the battery 1 by the 

30 charging system 100 to charge the battery 1 may then be based, at least in part, on the 

electrical impedance of the battery 1. Properties of the charging current can therefore 

be dependent on the determined electrical impedance of the battery 1.
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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, it may be the secondary side controller 1116 which 

is configured to monitor the electrical impedance of the battery 1 and to use this 

5 information to control an aspect of the delivery of electrical current to the battery 1 by 

the charging system 100.  

More specifically, in some embodiments, the secondary side controller 1116 is 

configured to receive a signal representative of the current delivered to or returned from 

0 at least one of the terminals 107 of the battery charging system 100 (e.g. the output 

from the battery terminal current sensor circuit 1114), bat. Alternatively or additionally, 

the secondary side controller 1116 is configured to receive a signal representative of the 

change in current delivered to or returned from at least one of the terminals 107 of the 

battery charging system 100 during a portion of the charging current waveform delivery.  

5 An example of such a change in current may be the difference between the peak 

(maximum) and trough (minimum) charging current. In embodiments where the 

minimum current is zero amps, this difference is equal to the maximum current 

measured.  

?0 The delivery of electrical current, Ibat, to the battery 1 connected to the terminals 107 

according to the current waveforms described herein causes the voltage across the 

terminals 12,13 of the battery 1 to ripple as a result of the battery's electrical 

impedance, Zbat. This can be seen in figures 11a and 11b, in which figure 11a shows 

Ibat and figure 11b shows the voltage, Vbt, across the terminals 12,13 of the battery 1 in 

?5 an example use of some embodiments of the invention.  

The secondary side controller 1116 may be configured, therefore, to use the signal 

representative of the voltage of across the terminals 107 of the battery charging system 

100 (e.g. the output from the battery terminal voltage sensor circuit 1113) to determine 

30 the electrical impedance of the battery 1, Zbt, connected to those terminals 107 (by its 

terminals 12,13).  

More specifically, the secondary side controller 1116 may be configured to receive the 

signal representative of the voltage across the terminals 107 of the battery charging
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system 100 over a first period of time. The secondary side controller 1116 may 

be configured to determine a DC component of that signal (and hence the voltage it 

represents). This may be achieved by, for example, determining a mean average of 

that signal over the first period and taking this to be the DC component. This DC 

5 component is then subtracted from the signal to generate a voltage ripple signal 

representative of the ripple voltage of across the terminals 107 of the battery charging 

system 100 (and hence across the terminals 12,13 of the connected battery 1), AVbt.  

This signal may be amplified and/or filtered in order to improve the signal's 

representation of the ripple voltage. For example, the frequency of the ripple voltage is 

0 expected to be substantially identical to that of the current delivered to or returned from 

at least one of the terminals 107; therefore, one or more filters may be used to attenuate 

frequency components of the ripple voltage signal which are above and/or below this 

frequency. An example of the voltage ripple signal can be seen in in figure 11c, for 

example.  

15 

The secondary side controller 1116 may be configured to divide the signal 

representative of the ripple voltage, AVbt, by a signal representative of a change in 

current delivered to or returned from at least one of the terminals 107 of the battery 

charging system 100, Albt, in order to arrive at the electrical impedance of the battery 1 

?0 connected to those terminals 107.  

In some embodiments, the current delivered to or returned from at least one of the 

terminals 107 of the battery charging system 100, bat, may vary from OA to a peak 

(maximum) current (before returning to OA following the waveforms described herein).  

?5 Therefore, the signal representative of Ibat may be substantially equal to the signal 

representative of Albat and may be used as such. However, in some embodiments, bat, 

varies between a non-zero lower value and a peak current. Therefore, in some 

embodiments, Albat is not equal to Ibat. In such embodiments, the secondary side 

controller 1116 may be configured to determine Albat from the signal representative of 

30 the current delivered to or received from the terminals 107, bat.  

Figures 11a and b illustrate the current and the voltage at the battery terminals as 

charging progresses. As the battery is undergoing charging, the baseline voltage 

steadily increases with an overlaid ripple caused by the oscillating input current. In order
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to determine the impedance of the battery at a given point in time, only the ripple in 

the voltage is relevant, and is evaluated separately from the increasing voltage 

baseline. Figure 11c shows an illustration of the voltage ripple. In order to determine the 

magnitude of the ripple, for example a linear baseline voltage is fitted to the voltage 

5 curve and the deviation from that baseline is evaluated. That deviation gives the 

flattened ripple. The flattened ripple can then be evaluated to determine the effect of the 

impedance on the voltage. The magnitude of the ripple voltage divided by the 

magnitude of the battery current gives the magnitude of the impedance. In another 

example a mean average of the voltage signal in a period is determined and subtracted 

0 from the voltage signal; this again gives the ripple as distinct from the baseline voltage.  

In the case of non-oscillating steady charging the battery voltage increases steadily, and 

no signal is available that is indicative of the impedance of the battery.  

The internal impedance of the battery and the battery internal battery voltage are not 

5 generally accessible for direct measurement while the battery is being charged. By 

dividing the change in current by the change in voltage the battery internal impedance 

of the battery can be determined without the need to know the internal battery voltage.  

The secondary side controller 1116 may be configured to determine the electrical 

?0 impedance of the battery 1 using the above process periodically. In some 

embodiments, the secondary side controller 1116 is configured to determine the 

electrical impedance of the battery 1 at a frequency which is substantially equal to the 

frequency of the signal representative of the current delivered to or received from the 

terminals 107 of the battery charging system 100. In other words, the secondary side 

?5 controller 1116 may be configured to determine the electrical impedance of the battery 1 

once for every peak in the signal representative of the current delivered to or received 

from the terminals 107 of the battery charging system 100, thereby effectively 

determining the electrical impedance of the battery 1 substantially continuously.  

30 In some embodiments, the secondary side controller 1116 may be configured to 

determine the electrical impedance of the battery 1 at a frequency which is substantially 

equal to at least the frequency of the signal representative of the current delivered to or 

received from the terminals 107 of the battery charging system 100, thereby effectively 

determining the electrical impedance of the battery 1 substantially continuously. In such
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embodiments, the secondary side controller 1116 may be configured to 

determine the impedance of the battery 1 using the rising or the falling peak-to-peak 

variation in the signal representative of Ibat.  

5 In some embodiments, the secondary side controller 1116 is configured to determine 

the impedance of the battery 1 at a frequency or between about 100Hz and 120Hz, or at 

a frequency of about 120Hz, or between 100Hz and 200Hz, or at a frequency of about 

200Hz, or between 120Hz and 240Hz, or at about 240Hz, or at any combination of the 

upper and lower bounds of these ranges.  

0 

As will be appreciated, in some embodiments, whilst the determining of the impedance 

of the battery 1 is periodic in absolute terms, the determining is substantially continuous 

relative to the frequency at which the secondary side controller 1115 may be configured 

to cause changes in Ibat during a charging cycle - see below. It will be appreciated that 

5 this will still effectively be the case 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 is substantially continuous relative to the frequency at which the 

secondary side controller 1115 may be configured to cause changes in Ibat during a 

charging cycle.  

20 

The change in current and change in voltage supplied to the battery 1 can be measured 

during the rising current portion of the current waveform. The minimum of the current 

waveform can provide a convenient starting point to measure these properties from.  

The changes can alternatively or additionally be measured on the falling current portion 

?5 of the current waveform. When these properties are measured on both the rising and 

falling portion of the waveform, the results can be compared by the secondary side 

controller 1115 in order to determine if there is an error.  

The control sub-system 110 may include a look-up table 1119. This look-up table 1119 

30 may be stored on a computer readable medium 1119a of the control sub-system 110 or 

to which the control sub-system 110 has access. The look-up table 1119 may, in some 

embodiments, be part of or accessible by the secondary side controller 1116.
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The look-up table 1119 may store information which correlates battery 

condition and/or charge state to charging mode. Accordingly, the look-up table 1119 

may be used by the control sub-system 110 (e.g. the secondary side controller 1116) to 

determine an appropriate charging mode for the battery 1 based on determined 

5 properties about the battery 1 which is available to the control sub-system 110.  

These determined properties available to the control sub-system 110 (e.g. to the 

secondary side controller 1116) may include one or more of:- bat, Vbat, Albt, AVbat, and 

Zbat. This information may also include the temperature of the battery Tat 1. In 

0 embodiments where the battery comprises multiple cells, these properties for each cell 

may be available to the control subsystem in addition to or alternatively to the complete 

battery properties.  

In some embodiments, the information available to the control sub-system 110 (e.g. the 

5 secondary side controller 1116) may include an identity of the battery 1- which may be 

determined, for example, by a battery identifier which is communicated to the control 

sub-system 110. The battery identifier may be an identifier which is unique or 

substantially unique to that battery 1 (such as a serial number) or may be more a more 

general identifier which is unique or substantially unique to that manufacturer of battery 

?0 1 or that model of battery 1 or that configuration of battery 1, for example. The identity 

may be communicated to the control sub-system 110 (e.g. the secondary side controller 

116) by one or more signals transmitted from the battery 1 to the control sub-system 

110 (e.g. via a communication link between the two) or may be manually entered by a 

user.  

25 

The control subsystem 110 may further comprises a time measurement means, such as 

a clock. This can be used to measure the time the battery 1 has been charging. By 

integrating the time the battery 1 has been charging with respect to the charging 

current, the total charge delivered to the battery can be determined. This integration 

30 can, for example, be performed numerically. The total charge can be used to determine 

the State of Charge of the battery 1.  

The control sub-system 110 (e.g. the secondary side controller 1116) may use the 

determined properties available to it (see above) to determine the current charge state
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and/or health of the battery 1. As will be appreciated, the health of a battery 1 is a 

measure of the correct operation of the battery 1 (such as its ability to hold charge).  

The current charge state of the battery 1 may be otherwise referred to as the current 

condition of the battery 1 or the battery state of charge (S.O.C.). These can be used to 

5 determine if and how the charging current supplied to the battery 1 should be varied.  

In some embodiments, the battery impedance is not determined, and instead the 

change in current Albat and change in voltage AVbat can be used directly to determine 

the current charge state and/or health of the battery, and therefore determine if and how 

0 the charging current should be varied.  

In some embodiments, the look-up table 1119 provides a duty cycle and/or frequency 

for the operation of the primary switch device 101a based on the determined properties 

available to the control sub-system 110 (e.g. to the secondary side controller 1116) 

5 see above. In some embodiments, the look-up table 1119 is used to provide an 

indication of a desired Ibat for the condition and/or health of the battery 1. The look-up 

table 1119 may, for example, provide C (see above). Other properties of the battery 

charging current, such as: a current mean value; a current maximum value; a current 

amplitude; a duty cycle; and/or a charging mode may also be provided in the look up 

?0 table.  

For example, a fully discharged battery 1 will have a relatively high electrical impedance 

and so the look-up table 1119 may specify a relatively low Ibat in order to avoid the risk 

of overheating the battery 1 and/or otherwise damaging the battery 1. Likewise, if there 

?5 is a low determined impedance, then the look-up table 1119 may specify a relatively 

high Ibat.  

The above description of the operation of the control sub-system 110 refers to the 

monitoring of the electrical impedance of a battery 1. As is mentioned above, this is to 

30 be construed as monitoring the electrical impedance of one or more cells 11 of that 

battery 1.  

In some embodiments, a battery 1 includes a plurality of cells 11. In such 

embodiments, the impedance of each cell 11 may be determined - the above
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operations being performed on each cell 11 in the battery 1 - and the charging 

mode may be determined based on the information determined for more than one cell 

11 of the battery 1.  

5 Embodiments of the present invention have been described with reference to a flyback 

converter 101, but it will be appreciated that these and other embodiments may be 

implemented by using a converter with a different topology. Such a converter may be 

capable of high frequency operation (e.g. operation in the range of 40 to 200 kHz).  

0 A single battery charging system 100 has been described herein. However, it will be 

understood, that a plurality of such battery charging systems 100 may be provided 

connected in parallel with each other and configured to supply an electrical current (bat) 

to the same terminals 107. In such an arrangement, all of the battery charging systems 

100 may be controlled by a common control sub-system 110. In some embodiments, 

5 such arrangements may include a primary side controller 1115 for each battery charging 

system 100 but a single secondary side controller 1116 which is configured to control 

the operation of all of the primary side controllers 1115.  

As will be appreciated, embodiments supply the electrical current Ibat having a waveform 

?0 which allows the electrical impedance of the battery 1 to be determined frequently 

without the need for any additional manipulation of Ibat for the purpose of determining 

the battery's electrical impedance. In other words, the electrical current which is used to 

charge the battery and which forms the main current to charge the battery 1 (i.e. a 

charging current) may be used to determine the battery's electrical impedance. This is 

?5 different, for example, from a relatively, small magnitude, current which is deliberately 

added to a constant or substantially constant main charging current in order to 

determine the battery's electrical impedance. In such a hypothetical arrangement, the 

maximum frequency at which the electrical impedance of the battery 1 can be 

determined is much lower than in some embodiments of the present invention. In 

30 addition, the small magnitude of the current does not contribute substantively to the 

charging of the battery 1 (e.g. being only of the hundreds of milliamp-level). Such a low 

magnitude current does not, therefore, form part of a main charging current - unlike the 

current, Ibat, in some embodiments of the present invention in which the changes in the
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current are of a magnitude that does impact the charging of the battery 1 and, 

therefore, forms part of the main charging current.  

In some embodiments, the control sub-system 110 is configured to communicate with a 

5 remote server 210. The communication may be via a communication network - such as 

a local area network and/or a wide area network and may include the Internet. The 

remote server 210 may, for example, store the look-up table 1119 or part thereof. In 

some embodiments, the remote server 210 includes the computer readable medium 

1119a. In some embodiments, the control sub-system 110 is configured to download at 

0 least part of the look-up table 1119 (e.g. to a local computer readable medium) 1119a.  

The control sub-system 110 (e.g. the secondary side controller 1116) may be 

configured to request the whole or part of the look-up table 1119 from the remote server 

210 and may be able to upload information about a battery 1 to the remote server 210.  

5 The remote server 210 may be configured to maintain the look-up table 1119 and this 

may include receiving information about a battery 1 or a type of battery 1 from the 

control sub-system 110 and then updating the look-up table 1119 based on that 

information. This may include updating the look-up table in relation to that particular 

battery 1 and/or for that type of battery 1 (e.g. based on the configuration of the battery 

?0 1, the make and/or model of that battery 1). The remote server 210 may be configured 

to collate the information received about a plurality of batteries 1 in order to modify the 

look-up table 1119 or parts thereof to optimise one or more aspects of the operation of 

the battery charging system 100 using the look-up table 1119 - this may include 

ensuring the maximum amount of charge is stored in a battery 1, ensuring the maximum 

?5 lifespan (i.e. number of charging cycles) of a battery 1, and/or ensuring the most 

efficient use of electrical power by the battery charging system 100.  

Figure 12 illustrates a step-by-step procedure for charging a battery. The procedure is 

intended to provide high power efficiency and safely minimize the battery charging time.  

30 1. Initialization 

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

• Look at the data base and estimate the State of Charge (S.O.C.) of the battery 

• Look at the data base and determine the maximum permissible cell voltage 

Vcellmax
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* Measurements of all the Cells Voltages Vcellopen 

• Look at the data base and determine the initial battery charging current 

Ibat(av)_initial 

2. Start Charging 

5 • Start the clock 

• Start charging with rectified sine current waveform and Ibat(av)_initial 

3. Measurements 

• Measure in each individual cell its voltage and the battery current at the bottom of 

the charging current waveform 

0 • Store the measurements Vcellbottom and Ibatbottom 

* Measure in each individual cell its voltage and the battery current at the 

* top of the charging current waveform 

* Store the measurements Vcelltop and Ibat-top 

4. Calculations 

5 • Calculate the difference AVcell = Vcelltop - Vcellbottom 

• Calculate the difference Albat = Ibat-top - Ibatbottom 

• Calculate the impedance of each individual cell Zcell = AVcell / Albat 

5. Full Charging 

• Assign the weakest cell (with the maximum impedance) Z-weakcell 

20 • Look at the data base and determine the maximum safe battery charging current 

Ibatmaxsafe, according to the Z_weakcell 

• Continue battery charging, continuously measuring and calculating all the above, 

making full utilization of the charger potential and safely minimize the battery 

charging time 

25 • Continuously measure each individual cell temperature Tcell.  

6. Stop 

• Continuously look at the data base and modify the Vcellmax and Ibatmaxsafe 

according to the hottest cell Tcellmax 

* Stop the charging when the first cell voltage reaches Vcellmax 

30 7. Administration 

• Calculate the Time-Amps integral and specify the total charge received by the 

battery.  

• Display the Battery S.O.C.
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• Store information into the database 

Storing the determined properties of the battery in the database, which can for example 

reside in a look-up table stored in a controller/ control unit memory, can allow the 

5 battery charging system to correlate these properties for future use in charging other 

batteries and/or charging the same battery again.  

The determined properties can, for example, be stored along with identification data, 

associating the properties with that particular battery. When charging that particular 

0 battery in the future, these properties can be used to determine the battery state and/or 

the required charging current properties.  

Alternatively or additionally, the stored determined properties can be aggregated into a 

dataset from which battery property correlations can be determined for classes and/or 

5 types of battery. These correlations can be used when charging batteries of the same 

type and/or class to determine/estimate the battery state and/or the required charging 

current properties.  

By storing the determined properties and using them to assist in future battery charging 

?0 events, the system can be said to be self-learning.  

Figure 13 illustrates a schematic example of a single cell battery control unit in use. The 

secondary controller (Master CPU) drives a current source, such as a flyback converter, 

to charge a battery cell with a charging current(cel), for example a current with an 

?5 oscillating DC waveform such as a rectified sinusoidal waveform, of about twice the line 

frequency. This direct (i.e. always positive) but time varying current can have a 

minimum value of less than about 0.5 amps, preferably less than about 0.1 amps, more 

preferably about 0 amps, with a maximum value of about 30 amps.  

30 This "ripple" battery charging current creates a ripple battery cell voltage AVei due to 

the battery internal impedance Zceii. The battery internal impedance Zeei can depend on 

the battery cell state of charge, battery cell temperature Teii battery cell voltage Vceii and 

battery cell history, for example.
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The rippled battery voltage AVei can be filtered and amplified, and used to transfer 

battery condition information to the secondary controller. This can be used together with 

Icel (and/or the change in current Aleiiif the minimum of the charging current is not zero) 

to calculate Zceii . The controller uses this information, along with the other determined 

5 properties such as the battery cell temperature Tei and battery cell voltage Vei to 

choose an appropriate charging mode from a look up table. The secondary controller 

can then vary properties of the charging current in dependence on the battery cell 

situation by, for example, changing the duty cycle of the primary controller.  

0 For example, when the battery is fully discharged, the battery internal impedance can 

increase. The secondary controller calculates the battery impedance using the rippled 

charging current and the voltage ripple that this current induces. The secondary 

controller then determines the required charging mode from the look up table. In order 

to avoid overheating and/or damage of the battery cell, the look up table indicates that a 

5 different charging mode is required. The secondary controller sends another charging 

mode to the primary controller with a reduced duty cycle, thereby reducing the battery 

charging current.  

Effectively, the battery cell itself "decides" at every moment which is the best mode for 

?0 charging.  

Figure 14 illustrates a schematic example of a multi-cell battery control unit in use. In 

this example the battery comprises n cells arranged in parallel and/or series. The 

example functions in a similar way to the example described above in relation to Figure 

?5 13, with the exception that the voltage across each cell Vceii(i), the change in voltage 

across each cell AVe1iti), and the temperature of each cell Te1iti) is measured. The 

current Icell will be the same through each cell. The measurements from all cells are 

passed to the secondary controller, along with the current cel (and/or the change in 

current Alel).The battery internal impedance of each cell Zcell(i) can be calculated by 

30 dividing the current (or change in current) by the change in voltage across that cell 

AVcell(i).
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The controller uses this information to choose from a Look Up Table the most 

appropriate battery charging mode, and changes the duty cycle of the primary 

controller, taking into account the situation of all the battery cells.  

5 In some embodiments of the invention a rectified sinusoidal current is used to charge 

batteries, and the voltage ripple natural to this charging method is used (along with the 

current) to measure the internal impedance of the cell. This allows the internal 

impedance of the cell to be substantially continuously monitored, allowing a controller to 

continuously monitor the battery health through the internal impedance calculation and 

0 change charging modes on the fly.  

In some embodiments, a primary controller is used to control the battery charging 

current. The Primary Controller consists of a Programmable Chip device. It senses: 

* the Grid Input Voltage through a High Voltage Divider 

5 0 the Flyback Primary Current through a Primary Current Shunt connected at the 

Primary MOSFET Source 

* the Control Signal coming from the Primary Controller through the Isolating 

Optocoupler 

* the Bias Voltage from the Flyback Transformer 

20 

The circuit is arranged and functions as follows: 

1. The Grid Input Voltage after the High Voltage Divider is amplified or attenuated by the 

Control Signal, through a Variable Gain Amplifier inside the programmable chip.  

2. The output of this amplifier is fed to the noninverting input of a comparator inside the 

?5 programmable chip.  

3. The voltage from the Primary Current Shunt (connected at the Primary MOSFET 

Source) is connected to the inverting input of this comparator.  

4. The output from this comparator is the Reset signal to a Set reset FlipFlop inside the 

programmable chip.  

30 5. The output from the Bias Winding of the Flyback Transformer is connected to the 

inverting input of another comparator inside the programmable chip.  

6. The noninverting input of this comparator is grounded 

7. The output from this comparator is the Set Signal to the Flip Flop.
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8. The output from the Flip Flop is connected to the Gate of the Primary 

Power MOSFET.  

So: The Gate Signal to Primary Power MOSFET can: 

5 * Start when all the Energy Stored in the Flyback Transformer has been delivered to the 

Battery; and 

* End when the voltage on the Primary Current Shunt (connected at the 

PrimaryMOSFET Source) has reached the value of the Input Voltage, divided (by the 

High Voltage Divider) and amplified or attenuated by the Control Signal (coming from 

0 the Primary Controller through the Isolating Optocoupler) 

In this way the Grid Current can be in phase with the Grid Voltage (PFC Converter).  

The Control Signal is made by the Primary Controller (which is also another 

programmable chip) according to the: Grid Input Voltage, Primary Peak Current, Battery 

5 Voltage, Battery Current, Battery Temperature 

In some embodiments, a multi-phase charger 300 may be provided by connecting a 

plurality of battery charging systems 100 in parallel between a multi-phase input 301 

and an output 302. Therefore, in some such embodiments, the multi-phase charger 300 

?0 may include a plurality of battery charging systems 100 (e.g. as described herein). A 

battery charging system 100 may be provided for each phase of the multi-phase input 

301. Accordingly, in a three phase system with a three phase multi-phase input 301 

there may be three battery charging systems 100 provided in the multi-phase charger 

300.  

25 

Each battery charging system 100 may be electrically connected between a single 

phase of the multi-phase input 301 and the output 302. In some embodiments, the 

output 302 is common to all of the battery charging systems 100 of the multi-phase 

input 301. Accordingly, the terminals 107 of each battery charging system 100 may be 

30 connected to provide the common output 302 (which may have common ground and a 

common live terminal). In some embodiments, therefore, the combined output from the 

battery charging systems 100 of the multi-phase charger 300 may provide the charging 

current, as described herein. The battery charging systems 100 of the multi-phase 

charger 300 may, therefore, be controlled according to achieve this effect. As such the
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control sub-systems 110 of each battery charging system 100 (if provided) may be 

communicatively coupled. In some embodiments, the multi-phase input 301 provides 

an input voltage of between about 200 and about 800 VRMS. The output 301 may 

between about 100 and about 800 VDC

5 

When used in this specification and claims, the terms "comprises" and "comprising" and 

variations thereof mean that the specified features, steps or integers are included. The 

terms are not to be interpreted to exclude the presence of other features, steps or 

components.  

0 The features disclosed in the foregoing description, or the following claims, or the 

accompanying drawings, expressed in their specific forms or in terms of a means for 

performing the disclosed function, or a method or process for attaining the disclosed 

result, as appropriate, may, separately, or in any combination of such features, be 

utilised for realising the invention in diverse forms thereof.  

5
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CLAIMS: 

1. A multi-phase battery charger including a plurality of battery charging systems for 

providing a charging current to a battery, each battery charging system being 

5 adapted to provide a current with an oscillating waveform, wherein the waveform 

minima are at or near OA, wherein the oscillating waveform is in the form of a 

squared sine wave, wherein each battery charging system is configured to receive 

an input from a single phase of a multi-phase input and to provide its current to a 

combined output, and wherein the combined output from the battery charging 

0 systems provides the charging current.  

2. A multi-phase battery charger according to Claim 1, wherein the waveform minima 

are at less than O.1A, more preferably at less than 0.01A and yet more preferably at 

less than 0.001A.  

5 

3. A multi-phase battery charger according to Claim 1 or 2, wherein the peak-to-peak 

current of the current with an oscillating waveform is greater than 1A, and preferably 

between 10A and about 30A, and/or at least 10 times the battery capacity.  

0 4. A multi-phase battery charger according to any one of Claims 1 to 3, wherein per 

oscillation cycle of the oscillating waveform at least 0.5 ms are at or near OA, 

preferably at least 1 ms more preferably at least 5 ms, and yet more preferably at 

least 10 ms.  

25 5. A multi-phase battery charger according to any one of Claims 1 to 4, wherein per 

oscillation cycle of the oscillating waveform at least 0.5 % of the cycle period is at or 

near OA, preferably at least 1 %, more preferably at least 5 %, and yet more 

preferably at least 10 %.  

30 

6. A method of charging a battery, the method comprising 

converting a plurality of alternating polarity outputs of a multi-phase AC power 

source, each alternating polarity output being a single phase of the multi-phase AC 

power source, to respective charging currents; 

35 generating a combined output from the respective charging currents; and
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providing the combined output to the battery, wherein each charging current has 

an oscillating waveform, and the waveform minima are at or near OA, and wherein 

the oscillating waveform is in the form of a squared sine wave.  

5 7. A method according to Claim 6, wherein the waveform minima are at less than O.1A, 

more preferably at less than 0.01A and yet more preferably at less than 0.001A.  

8. A method according to Claim 6 or 7, wherein the peak-to-peak current of each 

respective charging current is greater than 1A, and preferably between 10A and 

0 about 30A, and/or at least 10 times the battery capacity.  

9. A method according to any one of Claims 6 to 8, wherein per oscillation cycle of the 

oscillating waveform at least 0.5 ms are at or near OA, preferably at least 1 ms more 

preferably at least 5 ms, and yet more preferably at least 10 ms.  

5 

10. A method according to any one of Claims 10 to 13, wherein per oscillation cycle of 

the oscillating waveform at least 0.5 % of the cycle period is at or near OA, preferably 

at least 1 %, more preferably at least 5 %, and yet more preferably at least 10%.  

0
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