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A Method and Apparatus for Charging a Lead Acid Battery

The present invention relates to methods of operating and charging a lead acid

battery, to an apparatus for charging a lead acid battery and to an energy storage

system comprising lead acid batteries and a charging apparatus.

hi recent years many advances have been made to improve the efficiency and

reliability of lead acid batteries. During the lifetime of a lead acid battery it will

typically be discharged and charged many times. This is especially true in motive

power applications such as forklift trucks, golf buggies and other battery powered

vehicles including battery powered cleaning and polishing machines where the

battery regularly is discharged during one period, for example, during the day and

is charged in another period, for example, overnight. Even in some reserve power

applications, for example, reserve power supplies for telecommunication systems,

there may be a significant degree of cycling between a partially or fully discharged

state and a full state of charge, for example, in locations where disruptions of the

main power supply are frequent. During the cyclical discharging and charging of

the battery side reactions occur which waste some of the energy supplied to charge

the battery and which also gradually cause changes in the battery electrochemistry

and materials resulting in eventual failure of the battery.

Battery charging systems can be categorised in three main groups. In the first

group, referred to as "constant voltage systems", the charging system applies a

constant voltage per cell. At the commencement of charging the current flow will

be high, often at the peak value, (assuming the battery is in a state of significant

discharge) and is often deliberately limited by the charging system in order to

avoid damage to the battery. As the battery approaches a full state of charge, the

equilibrium/rest voltage of the battery increases and the difference between that



"at rest" voltage and the voltage applied by the charging systems decreases,

thereby causing the current flowing into the battery to fall also. In the second type

of system, known as "constant current" systems, the control algorithm of the

charging system continuously adjusts the voltage per cell applied to the battery in

order to maintain the current into the battery at a set level. The third type of

system is essentially a hybrid of the first two, and can be referred to as a "hybrid

system". In such a hybrid system the charging algorithm typically applies a

constant voltage regime first until the battery is mostly charged and then switches

to a constant current regime for a set period of time. Some hybrid systems have

more complex algorithms which apply a number of phases of constant current and

constant voltage, according to a predetermined routine. Other charging systems

are also known, for example, pulse charging. The charging systems are typically

controlled by a microprocessor which operates according to an algorithm.

Charging systems of all types often also include a sensor for measuring the

temperature of the battery, and the algorithm may be designed to adjust the

charging voltage/current according to the measured temperature. Charging

systems are typically dedicated to a particular type of battery and may be sold by

the battery manufacturer together with the batteries as a package.

Some charging systems have algorithms which apply at predetermined intervals an

extra charge, known as an equalisation charge, towards the end of a charging cycle

or as an isolated charge. The equalisation charge is typically applied on a constant

current basis. For example, an equalisation charge of, say, 2 Amps for 1 hour

might be applied to a battery once a week with the aim of equalising the state of

charge of the cells in a string.

Recently, systems have come on the market in which each battery is provided with

a device fitted to the main DC cable of the battery to monitor and record data of



current, voltage (potential difference), temperature and, optionally, electrolyte

level. That data can be wirelessly downloaded to the charging station when the

battery is brought to the station for charge, thereby giving the system operator

useful information relating to the utilisation of the battery and also advising the

user of any faults. One such system is the WI-IQ wireless battery monitoring

device available from EnerSys Inc.

However, there remains a need to improve the lifetime cyclic capability and

reliability of lead acid batteries.

In mitigation of that need, the present invention provides in a first aspect a method

of operating a lead acid battery in which the battery undergoes discharging phases

during which the battery is discharged and charging phases during which the

battery is charged and which includes

during a discharging phase, monitoring the current flow out of and into the

battery, and recording information relating to that current flow;

during a subsequent charging phase, calculating, based upon that recorded

information, a desired amount of charge to be supplied to that battery, and

supplying that desired amount of charge to the battery.

The charge supplied to the battery during charging can be calculated as the product

of the current supplied and the time. The product may be, for example, the

integral of the current supplied with respect to time.

hi a second aspect the invention provides a charging apparatus for charging a lead

acid battery comprising:

a) communication means arranged to obtain information relating to the

current flow out of and into the battery during use of the battery;



b) control means arranged to calculate, based upon the recorded information

relating to the current flow out of and into the battery during use of the battery, a

desired amount of charge to be supplied to the battery; and

c) current supply means arranged to supply the calculated desired amount of

charge to the battery.

In a third aspect the invention provides an energy storage and supply apparatus

comprising:

one or more lead acid batteries;

means to monitor the current flow out of and into the or each battery during

use of the or each battery;

means to record information relating to the current flow out of and into the

or each battery during use of the or each battery; and

a charging apparatus for charging the or each battery comprising control

means arranged to calculate a desired amount of charge to be supplied to the or

each battery based upon the recorded information relating to the current flow out

of and into the or each battery during use of the or each battery.

The present inventors have found that the working lifetime of a lead acid battery

can be extended if the amount of charge supplied to the battery during a charging

phase is controlled in dependence on the net amount of charge that has been

removed from the battery since it was last in a full state of charge state. The

present inventors have found that the cycling lifetime of the battery can be

improved if the charge supplied during recharging is controlled relative to the net

amount of charge removed from the battery. The net amount of charge lost from

the battery can be derived from the information relating to the current flow out of

the battery and any current flow into the battery during the preceding discharging

phase. (The information will typically include the level of the current and the



duration of current flow, from which the charge can be calculated.) Current flow

out of the battery will typically occur during use of the battery to power an

external mechanism, such as a motor. Current flow into the battery during a

discharging phase could arise, for example, when the battery is used on a fork lift

truck having a braking system which generates electricity for supply back to the

battery, or during a short duration charge during a work break such as a lunch

break (such short charges where there is no possibility of charging the battery to a

full state of charge are not regarded as "charging phases", as that term is used

herein with respect to the method of the first aspect of the invention). By

controlling the amount of charge supplied during a charging phase in this way,

side reactions occurring during charging of the battery may be reduced, thereby

extending the working lifetime of the battery.

In some applications, the discharging phases may be relatively long, for example,

lasting a week or so, with the battery being provided with partial charges during

lunch breaks and other convenient short periods to keep it at a reasonable level of

charge, and the battery being charged in accordance with the method of the first

aspect of the invention back to a full state of charge only when a longer time

period is available, for example, at a weekend.

The term "discharging phase" as used herein refers to the period following a full

charge of the battery to a full state of charge during which the battery is in use and

is therefore in a state of partial or complete discharge, and has not yet begun to be

fully charged again.

For the purposes of the present invention, a battery is regarded as being at a full

state of charge when it has received the desired amount of charge in accordance

with the method of the first aspect of the invention. Of course, it is important that



when the battery is new, and before the first discharging phase according to the

method of the first aspect takes place, the battery is at a full state of charge. The

skilled person will understand how to charge the battery to a full state of charge,

either by charging the battery for a certain length of time, or until the charging

current falls to a certain level.

During a discharging phase of a lead acid battery in a motive power application,

for example, a forklift truck battery, the battery will be at least partially discharged

during operation of the forklift truck. When the charge in the battery drops to a

certain level, say to around 20% of the capacity of the battery (which corresponds

to the depth-of-discharge, or DOD, of 80%), the battery will be in need of

charging and the operator will therefore take it to a charging station where it can

be connected to a charging apparatus and charged. Once charged, the battery is fit

for use again. Over the lifetime of the battery this cycling between discharged and

charged states occurs many times. For example, a battery having a total charge

capacity of 100 Amp hours might be specified by the manufacturer to give 600

discharge/charge cycles at a level of 80% depth-of-discharge.

During charging of the battery a voltage is applied to the battery which must

obviously be greater than the voltage associated on load or post discharge in

rest/equilibrium in order to reverse the chemical reactions which occur in the

battery during the discharging phase. For example, for a lead acid battery which

operates at a nominal voltage of, say, 2.0 Volts per cell the charging apparatus

may apply a substantially constant charging voltage of, say, 2.35 Volts per cell.

Such systems are known as "constant voltage" charging systems.

In a battery which has been discharged to a significant degree a typical charging

phase may include an initial period during which the current supplied to the cell is



maintained below a certain preset limit. For example, the current supply to the

battery may be limited to 50 Amps. At a certain point during the charging process,

however, the current flowing into the battery will fall below the preset limit. The

voltage applied to the battery will typically be maintained at or around the nominal

voltage of 2.35 Volts per cell, hi some types of known charging systems, the

current supplied to the battery is held constant instead of the voltage. Such

systems are known as "constant current" charging systems. The present invention

is applicable to such systems, and to hybrid systems, as well as to the more

common systems in which the voltage is kept substantially constant.

In some systems the temperature of the battery is continuously monitored and the

charging apparatus controls the voltage applied to the battery in order to take

account of that temperature so that the charging voltage applied is the optimum for

the particular type of battery at that temperature.

hi a constant voltage charging system, as a battery is charged the current flowing

into the battery will typically gradually reduce even though the voltage applied is

held substantially constant until, as the battery approaches a full state of charge,

the current flow tends to level out to a final value. The current into the battery at

the point where the battery is substantially fully charged is known as the end of

charge current. The present inventors have found that by controlling the amount

of charge supplied during charging in dependence on the recorded information

relating to the current flow out of and into the battery during the previous

discharging phase the increase in the end of charge current can be slowed and the

working lifetime of the battery extended.

It is within the scope of the invention to periodically apply to the battery a further

charge such as an equalisation charge, which is additional to the desired amount of



charge calculated and supplied to the battery in accordance with the method of the

first aspect of the invention. For example, once a week the charging system may

apply, after the calculated desired amount of charge has been supplied to the

battery in accordance with the invention, an equalisation charge.

In one embodiment, the charging of the battery during a charging phase involves

calculating the net amount of charge removed from the battery during the previous

discharging phase. The term "net amount of charge removed from the battery" as

used herein refers to the net amount of charge expended by the battery since it was

last at a full state of charge, taking into account any charge that has been supplied

to the battery in that time. Charge can be supplied to a battery during a

discharging phase in a variety of ways, for example, by the fork lift truck braking

systems and by short duration partial charges, as mentioned above. The desired

amount of charge to be supplied to the battery is then, in one embodiment, equal to

the sum of the net amount of charge lost from the battery plus a predetermined

amount. The predetermined amount would vary with the type of battery and

would be selected to give the optimum degree of overcharging for that particular

type of battery.

Optionally, the method of the first aspect of the invention involves calculating the

desired amount of charge to be supplied to the battery during a charging phase by

multiplying the calculated net amount of charge lost from the battery by a

predetermined charge factor. The charge factor is a number equal to one or

preferably greater than one which represents the desired degree of overcharging,

that is, the charge factor is the ratio of the desired amount of charge to be returned

to the battery to the amount of charge lost from the battery . The charge factor will

depend upon the type of battery concerned. Optionally the charge factor is in the

range of from 1.01 to 1.40. For example, when the battery is a thin plate pure lead



(TPPL) battery, the charge factor is preferably in the range of from 1.01 to 1.12,

more preferably, in the range of from 1.01 to 1.08. Where the battery is a flooded

lead acid battery, the charge factor is desirably in the range of from 1.05 to 1.30.

Where the battery is a gelled lead acid battery, the charge factor is preferably in

the range of from 1.05 to 1.20, more preferably, in the range of from 1.08 to 1.10.

For batteries at a relatively low depth of discharge, for example, 10 to 30%, lower

charge factors may be applicable.

Taking as an example the battery mentioned above which has a total charge

capacity of 100 Amp hours, a DOD of 80% equates to a net amount of charge lost

from the battery of 80 Amp hours. The DOD of a battery cannot be easily

measured directly. However, monitoring of the current flow from the battery

during the discharge phase and the recordal of that information allows the

calculation of that net amount of charge lost from the battery. Multiplying by a

charge factor of, say, 1.03 would give a desired amount of charge to be supplied to

the battery during the charging phase of 1.03 x 80 = 82.4 Amp hours.

Optionally, the charge factor used is constant i.e. it does not change through the

lifetime of the battery. Alternatively, the charge factor used does vary through the

lifetime of the battery. In that embodiment, it is possible to use a particular charge

factor which is most suitable for the battery at the relevant point in its lifetime.

The charge factor optionally increases during the lifetime of the battery, for

example, the charge factor may be increased stepwise when the number of

discharge/charge cycles experienced by the battery or the total amount of charge

discharged from or supplied to the battery reaches certain predetermined levels.

The amount of increase of the charge factor in each step may, for example, be in

the range of from 0.001 to 0.05, or preferably from 0.005 to 0.02. The charge

factor may optionally be increased when the number of discharge/charge cycles



experienced by the battery reaches a multiple of a number in the range of from 10

to 300. As an illustration, in one embodiment a TPPL battery might be charged

using a charge factor of 1.03 for the first 300 cycles, at a charge factor of 1.04 for

the next 100 cycles, at a charge factor of 1.05 for the next 100 cycles, and so on,

until a charge factor of 1.12 is reached, after which it is not increased further. In

another variation, the charge factor could be reduced progressively over the early

part of the battery's lifetime, say for from the first 100 to 500 cycles, and then be

increased during the later part of the lifetime of the battery.

In order to ensure the desired amount of charge is supplied to the battery it is

necessary to monitor the supply of charge during charging. Any suitable method

of monitoring the amount of charge supplied during the charging phase of the

battery may be used. In a preferred embodiment, the current flow into the battery

during the charging phase is monitored thereby allowing the amount of charge

supplied to the battery to be calculated. Once that amount of charge supplied

reaches the calculated desired amount of charge to be supplied to the battery, the

charging is stopped.

Some known lead acid battery systems comprise current monitors which are

capable of measuring current flow into and out of the battery. For example, the

WI-IQ system available from EnerSys includes a current sensor mounted on the

battery which uses the Hall effect to monitor the current through the main battery

cable.

Any suitable means may be used to measure the current flow into and out of the

battery. In one embodiment the current into and out of the battery is measured

using a Hall effect sensor. Preferably, however, the current flow into and out of

the battery is monitored using a shunt (a current shunt monitor). Shunts are in



many cases able to provide a more accurate measurement of the current flow than

a Hall effect sensor. Preferably, the current sensor has an accuracy of at least

98%, preferably at least 99%, and more preferably, at least 99.5% for measuring

the current flow into and out of the battery during either a discharge phase or a

charging phase.

The current flow into a large lead acid battery, for example, of the type used to

power fork lift trucks, can vary over a very wide range during the charging of the

battery. For example, the peak current could be as much as 250 Amps which

would decline slowly during the course of the charging and may reach a value of,

for example, 1Amp or so towards the end of the charging. Some charging

systems include means to limit the current such that it does not rise above a

predetermined value, for example, 50 Amps. Even with such a current limit, the

current will still vary over a wide range during charging of the battery from a

significant depth of discharge up to a full state of charge. In a preferred

embodiment, the current into and out the battery is monitored by two shunts, a first

shunt for monitoring a lower current range and a second shunt for monitoring an

upper current range. Preferably, the boundary between the upper current range

and the lower current range is within the range of from 1 Amp to 20 Amps, more

preferably, within the range of from 2 Amps to 10 Amps, and yet more preferably

in the range of from 3 Amps to 7 Amps. For example, the current may be

monitored by a first shunt for monitoring a lower current range of no more than 5

Amps and a second shunt for monitoring an upper current range of greater than 5

Amps. The use of multiple shunts allows an increase in monitoring accuracy and

it is within the scope of the invention to use more than two shunts, if desired.

The method of the first aspect of the invention may also involve measuring the

temperature of the battery during the charging of the battery and adjusting the



voltage applied to the battery in dependence on that temperature. Such adjustment

of the charging voltage in accordance the battery temperature is well known to

those skilled in the art.

The battery may be any lead acid battery. The method of the first aspect of the

invention is particularly applicable to batteries which undergo a significant degree

of cycling between states of low charge and high charge, but is not limited to such

batteries. Batteries in motive power applications typically experience a high level

of cycling but some reserve power applications also involve high levels of cycling.

Optionally, the battery is a battery used in a motive power application.

The battery may be, for example, a flooded lead acid battery or a valve regulated

lead acid (VRLA) battery. The VRLA battery may be an absorbed glass matt or

gel-type battery. In one embodiment the battery is a thin plate pure lead (TPPL)

lead acid battery. Such TPPL batteries are well known to the skilled person and

have plates of a particular alloy having a very high lead content and which have

significant advantages in terms of corrosion resistance and higher power and

energy density and lower internal resistance over plates made from conventional

alloys. TPPL batteries generally have grids having a thickness of 1.50 millimetres

or less.

TPPL batteries have until recently been used mainly in reserve power applications

but over recent years advances in design have increased the cycling performance

to the point where they now find application in motive power applications. For

example, the EnerSys XFC battery is a TPPL battery aimed at motive power

applications such as pallet trucks and the like. TPPL batteries have the advantages

that they a) generally do not require topping up of electrolyte, b) they can be

charged more quickly than flooded batteries, for example, in 2 to 5 hours rather



than 8 hours, c) they give high power and energy density, d) they charge

efficiently and, e) they have lower internal resistance. TPPL battery designs are

also available with a high degree of vibration resistance which is, of course, an

advantage for motive power applications.

The charging apparatus for use in the method of the first aspect of the invention

will involve communication means arranged to obtain information relating to the

current flow into and out of the battery during a discharging phase. Preferably, the

information is produced by a current sensor located on the battery and recorded by

information storage means such as an EPROM also located on the battery, or on

the charger or on a separate body and communicated via the communication

means to the charging apparatus during the subsequent charging phase. The

charging apparatus will also comprise a control means such as a microprocessor

arranged to calculate a desired amount of charge to be supplied to the battery

based on the information relating to the current flow into and out of the battery

during the discharging phase. The apparatus for charging may, for example, also

include means to identify each particular battery and to measure and record the

amount of charge (i.e. the product of the current and the time) supplied to that

battery during each charging phase of that battery and to record a total of that

supplied charge.

Preferably, the battery comprises at least one sensor capable of producing

information relating to the current flow into and out of the battery and a memory

store for recording that information. The communication means may be a wired

communication means. The communication means is advantageously a wireless

communication apparatus arranged to wirelessly communicate with the monitoring

and recording unit on the battery which monitors and records the information

relating to the current flow into and out of the battery. Batteries having such units



for sensing and recording parameters such as the current supplied to the battery

and/or the current discharged from the battery, the temperature of the battery and

the electrolyte level of the battery are available from EnerSys Incorporated under

the trade name WI-IQ. When such a battery is taken to a charging apparatus the

information is transferred wirelessly to the charging apparatus using a wireless

communication protocol.

The control means of the charging apparatus preferably includes a microprocessor

and a memory store which stores instructions for the microprocessor for

calculating the desired amount of charge to be supplied to the battery during

charging in dependence of the information relating to the current flow into and out

of the battery during the previous discharging phase of the battery.

The energy storage and supply apparatus of the third aspect of the invention

includes one or more lead acid batteries and a charging apparatus as described

above. The energy storage and supply apparatus may be, for example, a plurality

of motive power batteries and one or more charging apparatus as described above.

Each battery can, of course, include one or more cells as is well known in the art.

The invention provides in a fourth aspect a method of operating a lead acid battery

in which the battery is at least partially discharged and is then charged and which

includes a) monitoring the current flow out of and any current flow into the battery

during the discharging of the battery, b) calculating from the recorded values of

the current flow the net amount of charge removed from the battery since it was

last at a full state of charge, c) then calculating an amount of charge to be supplied

to the battery during charging by multiplying the net amount of charge removed by

a charge factor, and d) supplying the calculated desired amount of charge to the

battery to charge it.



In a particular embodiment, the invention also provides in a fifth aspect an energy

storage and supply apparatus comprising

a plurality of lead acid batteries, each battery being provided with a sensor

to measure the current flow into and out of the battery and means to record

information relating to that current flow, and

a charging apparatus for charging the batteries comprising a

communication system to obtain the recorded information from a battery being

charged, a microprocessor arranged to calculate the desired amount of charge to be

supplied to the battery based upon that recorded information and based upon a

predetermined charge factor, and means to supply that desired amount of charge to

the battery thereby charging it.

The invention provides in a sixth aspect a charging apparatus for charging a lead

acid battery comprising a communication system arranged to obtain information

from the battery relating to the net amount of charge removed from the battery

since it was last in a full state of charge, a microprocessor arranged to calculate,

based upon that information and based upon a predetermined charge factor, a

desired amount of charge to be supplied to the battery, and current supply means

arranged to supply the calculated desired amount of charge to the battery, thereby

charging the battery.

The charging apparatus of the second and sixth aspects of the invention and the

energy storage and supply apparatus of the third and fifth aspects of the invention

are desirably arranged to operate according to the method of the first aspect of the

invention, and the preferred features of the method of the first aspect of the

invention described above apply also to those other aspects as preferred features of

those other aspects of the invention. Those preferred features of the method of the



first aspect of the invention are also preferred features of the method of the fourth

aspect of the invention.

In one embodiment, the method of the first aspect of the invention is applied to the

battery throughout its entire lifetime. In a separate embodiment, the battery is

operated according to the method of the first aspect of the invention during only

part of its lifetime. During the remaining part or parts of the battery's lifetime it

may be operated according to another regime, for example, a conventional

charging and charging regime. Optionally, during at least one period in its lifetime

the battery is operated according to a method in which the voltage applied during

charging is varied in a predetermined way through that period of the lifetime of the

battery. Such a method is described in our co-pending Patent Application filed on

the same day of the present application and entitled "A Method and Apparatus for

Charging a Battery". In that embodiment, the battery is operated according to the

method of the first aspect of the invention during one period of its lifetime and

during another period of its lifetime is operated according to a second method in

which the battery undergoes discharging phases during which the battery is

discharged and charging phases during which the battery is charged and which

involves:

a) monitoring and recording information relating to the discharging and/or

charging history of the battery;

b) during a charging phase connecting the battery to a charging apparatus

and applying a voltage to the battery wherein the voltage is adjusted in dependence

on the recorded information relating to the discharging and/or charging history of

the battery.

In essence, during the period of operation according to the method of the first

aspect of the invention the charging is based upon supplying an amount of charge



which exceeds by a predetermined degree the net amount of charge removed from

the battery since it was last in a substantially fully charged state whereas in the

period of operation according to the second method charging is based upon

applying a charging voltage which is optimised in relation to the amount of use the

battery has had, typically expressed in terms of the number of discharge/charge

cycles experienced or the total amount of charge discharged from or charged to the

battery.

Preferably, the battery is operated in an initial first period according to the second

method and in a subsequent, second period is operated according to the method of

the first aspect of the invention.

In accordance with this embodiment, the working lifetime of a lead acid battery

may be extended if, during part of the lifetime of the battery, the voltage applied

during charging is controlled at least in part in dependence on the history of the

battery, in particular, the discharging and/or charging history of the battery. The

control of the voltage typically involves selecting a voltage to be applied to the

battery during charging. Thus, by varying the voltage applied to the battery during

charging according to where the battery is in its working lifetime side reactions

occurring during charging of the battery may be reduced, thereby extending the

working lifetime of the battery.

This embodiment of the invention is applicable to any charging system which

applies a set voltage during the whole or part of the charging phase. The second

method is particularly applicable to constant voltage systems and hybrid systems.

In the latter type of system, the voltage applied during the constant voltage

portions of the charging phase may be controlled in accordance with the second

method.



Over the lifetime of the battery the cycling between discharged and charged states

occurs many times. For example, a battery having a total charge capacity of 100

Amp hours might be specified by the manufacturer to give 600 discharge/charge

cycles at a level of 80% depth-of-discharge. The total intended energy capacity

over the battery over its working lifetime can be calculated as 100 Amp hours x

0.80 x 600 which equals in total 48,000 Amp hours.

The information relating to the discharging and/or charging history of the battery

may relate, for example, to the discharging history of the battery over its lifetime

or may relate to the charging history of the battery over its lifetime or may relate to

both the discharging and the charging history of the battery over its lifetime. The

information may relate, for example, to the total amount of charge which has been

discharged from the battery through its lifetime. Alternatively, the information

may relate, for example, to the total amount of charge which has been supplied to

the battery during its lifetime. Optionally, the information relates to the number of

discharging phases the battery has experienced. Optionally, the information

relates to the number of charging phases the battery has experienced.

In a preferred embodiment the voltage applied to the battery during charging

according to the second method is adjusted in dependence on recorded information

relating to the discharging and/or charging history of the battery such that the

voltage applied to the battery during charging phases progressively reduces over

the lifetime of the battery. The voltage applied to the battery in accordance with

the second method must not be reduced below the minimum voltage required to

input charge into the battery, which is typically around 2.2 1Volts per cell. The

initial voltage applied during the first charging phase a new battery experiences

will typically be substantially higher than that minimum voltage in order that the



battery be charged within a reasonable time frame. For example, when operating

according to the second method the voltage applied to the battery during the initial

charging phase may be in the region of 2.25 to 2.60 Volts per cell, for example,

within the range of 2.35 to 2.50 Volts per cell, and especially preferably may be in

the range from 2.35 to 2.45 Volts per cell depending on the specific lead acid

chemistry involved. The selection of the voltage may also be influenced by the

ambient temperature of the battery. The voltage applied to the battery during

charging phases is optionally reduced continuously over the period of the lifetime

of the battery during which the battery is operated according to the second method.

Optionally, the voltage applied to the battery during charging phases is reduced

stepwise over the period of the lifetime of the battery during which it is operated

according to the second method.

Optionally, when operating according to the second method the information

relating to the discharging and/or charging history of the battery relates to at least

one parameter relating to the discharging and/or charging history of the battery,

and the voltage applied to the battery is adjusted such that it reduces stepwise at

predetermined values of the parameter. For example, the parameter may be the

total charge applied to the battery during previous charging phases. As an

illustration, a battery of the type mentioned above having an intended total energy

capacity over its planned lifetime of 48,000 Amp hours may have experienced 150

charging phases receiving on average 80 Amp hours during each charging phase,

making a total charge supplied to the battery of 80 Amp hours x 150 = 12,000

Amp hours. The battery would therefore be 25% of the way through its intended

lifetime.

The extent of each stepwise reduction and the number of stepwise reductions in

voltage made over the period during which the battery is operated according to the



second method may vary over a wide range, always bearing in mind the need to

keep the voltage per cell applied to the battery at a level which will achieve

charging of the battery at a practicable time. The minimum stepwise reduction

which it is feasible to apply will be determined in practice by the minimum voltage

change which can be sensed by the system. The or each step change in voltage

may be, for example, in the region of from 1 to 50 millivolts per cell, optionally

from 1 to 30 millivolts per cell, preferably in the range of from 2 to 20 millivolts

per cell, and more preferably in the range of from 2 to 10 millivolts per cell. The

number of step changes applied over the period during which the battery is

operated according to the second method will be preferably at least two and may,

for example, be in the range of from 2 to 20, more preferably in the range of from

5 to 15. The steps may be at regular intervals or irregular intervals. Preferably,

they are at regular intervals. For example, the second method may involve

reducing the charging voltage applied to the battery by a level in the range from 1

to 50 millivolts per cell, more preferably from 2 to 30 millivolts per cell, at regular

intervals in the range of from 2 to 20% of the intended total energy planned for the

battery over its planned lifetime. Put another way, in one embodiment when the

total energy supplied to or discharged from the battery reaches a percentage which

is in the range of from 2 to 20% of its intended total energy capacity, or a multiple

of that percentage, the voltage applied during charging may be reduced by an

amount in the range of from 1 to 50 millivolts per cell, preferably from 2 to 30

millivolts per cell. For example, for a battery having a total planned energy

capacity over its lifetime of 48,000 Amp hours the second method may involve

reducing the voltage applied during charging by 10 millivolts per cell every time

the total charge supplied to the battery during charging reaches 4800 Amp hours

(10% of the intended lifetime of the battery) or a multiple thereof.



References herein to discharging a battery should not be taken to imply that the

battery is completely discharged unless the context makes it clear that is the

intended meaning. In fact, batteries are typically discharged to a depth-of-

discharge of less than 100%, for example, to less than 80%, in order to avoid

damage to the battery.

It will be appreciated that references herein to adjusting or controlling the voltage

applied to the battery during charging in dependence on information relating to the

discharging and/or charging history of the battery when operating the battery

according to the second method should not be taken to imply that the voltage is

controlled solely with reference to that information. In many cases the actual

voltage applied to the battery during charging according to the second method will

be controlled in accordance with several different criteria of which the information

relating to the discharging and/or charging history of the battery is only one. Such

other criteria will typically include a current limit and the battery temperature.

Furthermore, when the charging system applies a current limit during the early

part of the charging phase, the current flowing into that battery will typically be at

that limit (assuming the battery is at a significant depth-of-discharge) and so

during that part of the charging phase the adjustment of the voltage in dependence

on the information relating to the discharging and/or charging history of the

battery will typically have no effect on the current flow. As the battery approaches

a full state of charge the current supply to the battery will typically reduce well

below the current limit. The adjustment of the voltage in dependence on the

information relating to the discharging and/or charging history of the battery will

therefore have most effect during that latter part of the charging cycle.



The second method may also involve measuring the temperature of the battery

during the charging of the battery and adjusting the voltage applied to the battery

in dependence on that temperature.

Accordingly, when operating the battery according to the second method the actual

voltage applied to the battery at any moment during a charging cycle will typically

be controlled by one or more factors of which the information relating to the

discharging and/or charging history of the battery is only one. The important thing

is that if all of the other factors are equal (for example, assuming that any current

limit does not apply and assuming equal temperatures) the voltage applied to the

battery will be changed in dependence on that information, for example, to reduce

the voltage applied during charging as the battery passes through the period of its

working lifetime in which it is operated according to the second method.

The second method of operating the battery may involve the steps of i) providing a

predetermined initial base charging voltage, ii) reducing that predetermined initial

base charging voltage in dependence on the discharging and/or charging history of

the battery to give an adjusted charging voltage, iii) optionally further adjusting

that adjusted base charging voltage in dependence on a current limit and/or the

temperature of the battery and iv) applying the adjusted charging voltage, or, if

applicable, the further adjusted charging voltage, to the battery, thereby charging

the battery.

The charging apparatus for use in the second method will involve means to obtain

information relating to the discharging and/or charging history of the battery and a

control means arranged to control a voltage applied to the battery during charging

of the battery in dependence on that information relating to the discharging and/or

charging history of the battery. The apparatus for charging may, for example,



include means to identify each particular battery and to measure and record the

amount of charge (i.e. the product of the current and the time) supplied to that

battery during each charging phase of that battery and to record a total of that

supplied charge. Preferably, the charging apparatus is capable of operating

according to the method of the first aspect of the invention and according to the

second method.

The control means of the charging apparatus preferably includes a microprocessor

and a memory store which stores instructions for the microprocessor for operating

according to the second method by selecting the voltage to be applied to the

battery during charging in at least partial dependence of the information relating to

the discharging and/or charging history of the battery. Those instructions will

preferably be in the form of an algorithm. For example, the instructions may be in

the form of an algorithm which selects the voltage to be applied to the battery in

dependence on at least:

1) the information relating to the discharging and/or charging history of

the battery, and

2) the temperature of the battery.

An embodiment of the invention will now be described for the purposes of

illustration only, with reference to drawing, in which

Figure 1 shows a graph of the end of discharge Volts plotted against

the number of discharge/charge cycles experienced by a

lead acid battery;



Figure 2 shows an example of a plot of charging voltage versus total

charge supplied to the battery during part of its lifetime in

accordance with the second method of operating the battery;

Figure 3 illustrates an embodiment of the method of the first and

fourth aspects of the invention; and

Figure 4 illustrates an embodiment of the energy storage and supply

apparatus of the invention.

An SBS Eon lead acid battery (available from EnerSys) was subjected to repeated

discharge/charge cycles. During each discharge phase, the battery was discharged

to a nominal 60% depth-of-discharge (DOD) of the 10 hour rate capacity by

discharging at a constant current for a predetermined length of time. Following

each discharge phase, the battery was charged at a constant voltage of 2.40 Volts

per cell to a charge factor of 1.03 i.e. the amount of charge supplied to the battery

was 1.03 times the amount of charge discharged. The amount of charge supplied

to the battery during each charging phase was calculated by monitoring the current

into the battery and the time. When the desired amount of charge supplied was

reached, the charging was stopped.

Fig. 1 shows the Voltage at the end of each discharging phase plotted against the

number of cycles experienced by the battery. As can be seen, the end of discharge

Voltage falls slightly over the first 350 cycles of so, but then remains

approximately constant, even up to 1000 cycles. That indicates that the side

reactions which are believed to cause damage to the battery are not increasing over

that range of cycles. In a conventional charging programme, in which the charge



supplied is not limited in dependence on the charge lost from the battery, it would

be expected that a significant decrease in the end of discharge Volts or even

complete failure of the battery would be seen by 1000 cycles.

Figure 2 shows an example of a profile of the charging voltage applied to a battery

during an initial part of its lifetime in accordance with the second method of

operation. The voltage applied to the battery during charging (ignoring any

adjustments made to take account of battery temperature and other factors) starts at

an initial predetermined value of 14.1 Volts, corresponding to 2. 35 Volts per cell

for a 6 cell battery. The battery is designed by the manufacturer to have a charge

capacity of 200 Amp hours and to have a specified lifetime of 1200 cycles at 80%

depth-of-discharge. Accordingly, the total energy capacity specified for the

battery is 96,000 Amp hours. In Figure 2 the total charge C supplied to the battery

during charging is shown on the X axis. As depicted in Figure 2, the voltage

applied during charging is reduced stepwise at regular intervals of 4,800 Amp

hours during the first half of the lifetime of the battery and eventually reaches 14.0

Volts at a total charge supplied during charging of 48,000 Amp hours,

corresponding to 50% of the specified life of the battery. Subsequently, charging

is carried out according to the method of the first aspect of the invention, using a

charge factor 1.03.

Figure 3 illustrates schematically an embodiment of the method of the invention.

A lead-acid battery, for example a battery on a fork-lift truck, is discharged in a

discharging phase 1, for example, during a day shift of operating the fork-lift

truck. At the end of the discharging phase 1, the battery is partially discharged,

and the operator then connects it to a charging apparatus so it can be charged in a

charging phase 2, for example, an overnight charging period. After the charging

phase 2, the battery is disconnected from the charging apparatus and is used in



another discharging phase 1, for example to power the fork-lift truck again in

another day shift. During its lifetime the battery will experience many cycles of

discharging and charging.

During the discharging phase 1, the current flow out of the battery over time is

monitored and, for example, the total charge lost from the battery during the

discharging phase 1 is calculated and recorded. During the following charging

phase 2, the charging apparatus obtains the recorded information from the battery

and calculates, based on that recorded information, a desired amount of charge to

be supplied to the battery. For example, that desired amount of charge may be

calculated by multiplying the amount of charge discharged from the battery during

the discharging phase 1 by a predetermined charge factor. The apparatus then

monitors the current supplied to the battery over time during charging phase 2 and

ceases charging when the charge supplied during phase 2 reaches the desired

amount of charge.

In the embodiment where the method of the first and fourth aspects of the

invention is applied during only a part of the lifetime of the battery, and during

another part of the lifetime of the battery an alternative, second method is used, in

which the voltage applied during a charging phase 2 is selected based on recorded

information relating to the discharging and/or charging history of the battery over

its lifetime, the recorded information may be, for example, the number of

discharging phases 1 which the battery has experienced in its lifetime, or the total

amount of charge expended from the battery during discharging phases 1 over its

lifetime, or the total amount of charge provided to the battery during charging

phases 2 over its lifetime. The voltage applied may also be influenced by other

factors, for example, the temperature of the battery.



Figure 4 illustrates schematically an embodiment of an energy supply and storage

apparatus according to the invention. The apparatus includes a lead-acid battery 3

which is provided with a sensor 4 for monitoring the current flow into and out of

the battery and a memory 5 for recording and storing information relating to the

monitored current flow into and out of the battery.

During use of the battery 3 in a discharging phase, for example, to power a fork-

lift truck during a shift, the sensor 4 monitors the current flow out of the battery

over time and information relating to that current flow, for example, the total

charge discharged from the battery during discharging phase 1, is recorded and

stored in memory 5. Following the discharging phase, the battery is connected to

a charging apparatus 6 which includes a controller 7. The controller 7 may be, for

example, a microprocessor operating according to an algorithm.

The controller 7 obtains from memory 5, for example, via a wireless

communicator system, the stored information relating to the current flow during

discharging phase 1, and uses that information to calculate a desired amount of

charge to be provided to the battery 3 during the charging phase. The charging

apparatus 6 then applies a voltage to the battery 3 and the current flow into the

battery during the charging phase is monitored by sensor 4, and communicated to

controller 2, thereby allowing controller 2 to calculate the amount of charge

supplied during the charging phase. When the desired amount of charge is

reached, charging apparatus 6 ceases to supply current to the battery 3.

In the embodiment of the invention mentioned above where, for part of its

lifetime, the battery operates according to a second method, the controller 7 may

be arranged to obtain from the battery 3 information stored in the memory 5 which



relates to the charging and/or discharging history of the battery 3. For example,

the controller 7 may be arranged to obtain information relating to the total charge

supplied to and/or from the battery 3 over its lifetime, or the number of times it has

been discharged and/or charged. The controller 7, which may for example, be a

microprocessor arranged to operate according to an algorithm, is in that second

method arranged to select a voltage to be applied to the battery 3 in dependence

upon that information, thereby charging the battery 3. The battery 3 may also

include a temperature sensor, and the controller 7 may be arranged to also take the

temperature into account when selecting the voltage to be applied to the battery 3.

While the foregoing is directed to embodiments of the present invention, other and

further embodiments may be devised without departing from the basic scope

thereof, and the scope thereof is determined by the claims that follow.



Claims

1. A method of operating a lead acid battery in which the battery undergoes

discharging phases during which the battery is discharged and charging phases

during which the battery is charged and which includes

during a discharging phase, monitoring the current flow out of and into the

battery, and recording information relating to that current flow;

during a subsequent charging phase, calculating, based upon that recorded

information, a desired amount of charge to be supplied to that battery, and

supplying that desired amount of charge to the battery.

2. A method according to claim 1 in which the charging of the battery during a

charging phase involves calculating the net amount of charge removed from the

battery.

3. A method according to claim 2 in which the desired amount of charge to be

supplied to the battery is calculated by multiplying the calculated net amount of

charge removed from the battery by a predetermined charge factor.

4. A method as claimed in claim 3 in which the charge factor varies though the

lifetime of the battery.

5. A method as claimed in claim 4 in which the charge factor increases over the

lifetime of the battery.



6. A method as claimed in claim 4 in which the charge factor decreases in a

first part of the lifetime of the battery and then increases in a second, later part of

the lifetime of the battery.

7. A method according to any of claims 3 to 6 in which the battery is a thin

plate pure lead (TPPL) battery and in which the predetermined charge factor is

within the range of from 1.01 to 1.12.

8. A method according to any of claims 3 to 6 in which the battery is a flooded

battery and the predetermined charge factor is within the range of from 1.05 to

1.30.

9. A method according to any of claims 3 to 6 in which the battery is a gelled

battery and in which the predetermined charge factor is within the range of from

1.05 to 1.20.

10. A method as claimed in any of claims 1 to 9 in which during the charging

phase current flow into the battery is monitored thereby allowing the amount of

charge supplied to the battery to be calculated.

11. A method according to any of claims 1 to 10 in which the current flow into

and out of the battery is monitored using a shunt.

12. A method according to claim 11 in which the current into and out of the

battery is monitored by two shunts, a first shunt for monitoring a lower current

range and a second shunt for monitoring an upper current range.



13. A method of operating a lead acid battery in which the battery is operated

according to the method of any of claims 1 to 12 during only part of the lifetime of

the battery.

14. A method of operating a lead acid battery as claimed in claim 13 in which

the battery is operated according to the method of any of claims 1 to 12 during one

period of its lifetime and during another period of its lifetime, is operated

according to a second method in which

the battery undergoes discharging phases during which the battery is

discharged and charging phases during which the battery is charged and which

involves:

a) monitoring and recording information relating to the discharging and/or

charging history of the battery;

b) during a charging phase connecting the battery to a charging apparatus

and applying a voltage to the battery wherein the voltage is adjusted in dependence

on the recorded information relating to the discharging and/or charging history of

the battery.

15. A method of operating a lead acid battery as claimed in claim 14 in which

the battery is operated in an initial, first period according to the second method and

in which in a subsequent, second period is operated according to the method of

any of claims 1 to 12.

16. A method of operating a lead acid battery as claimed in claim 14 or claim 15

in which in the second method the voltage is adjusted in dependence on the

recorded information relating to the discharging and/or charging history of the

battery such that the voltage applied to the battery during charging phases



progressively reduces over the period the battery is operated according to the

second method.

17. A method of operating a lead acid battery as claimed in any of claims 14 to

16 in which in the second method the information relates to at least one parameter

relating to the discharging and/or charging history of the battery, and the voltage

applied to the battery is adjusted such that it reduces stepwise at predetermined

values of the parameter.

18. A method of operating a lead acid battery as claimed in any of claims 14 to

17 in which in the second method the information relating to the discharging

and/or charging history of the battery is the total charge discharged from the

battery or the total charge supplied to the battery during charging.

19. A method of operating a lead acid battery as claimed in any of claims 14 to

18 in which in the second method the information relating to the discharging

and/or charging history of the battery is the total charge supplied to the battery

during charging.

20. A method of operating a lead acid battery as claimed in any of claims 14 to

19 in which the second method also involves measuring the temperature of the

battery during the charging of the battery and adjusting the voltage applied to the

battery in dependence on that temperature.

21. An energy storage and supply apparatus comprising:

one or more lead acid batteries;

means to monitor the current flow out of and into the or each battery during

use of the or each battery;



means to record information relating to the current flow out of and into the

or each battery during use of the or each battery; and

a charging apparatus for charging the or each battery comprising control

means arranged to calculate a desired amount of charge to be supplied to the or

each battery based upon the recorded information relating to the current flow out

of and into the or each battery during use of the or each battery.

22. An energy storage and supply apparatus as claimed in claim 2 1 in which

each battery comprises one or more shunts for monitoring the current flow out of

and into the battery.

23. An energy storage and supply apparatus as claimed in claim 2 1 or claim 22

in which each battery comprises information storage means to store the recorded

information relating to the current flow to and from the battery during use of the

battery.

24. An energy storage and supply apparatus as claimed in any of claims 2 1 to 23

which comprises wireless communication means for communicating the recorded

information relating to the current flow in to and out of the battery during use of

the battery from each battery to the charging apparatus.

25. An energy storage and supply apparatus as claimed in any of claims 2 1 to 23

in which the control means is also arranged to control a voltage applied to the

battery during charging of the battery in dependence on recorded information

relating to the discharging and/or charging history of the or each battery.

26. A charging apparatus for charging a lead acid battery comprising

a) communication means arranged to obtain information relating to the



current flow out of and into the battery during use of the battery;

b) control means arranged to calculate, based upon the information relating

to the current flow out of and into the battery during use of the battery, a desired

amount of charge to be supplied to the battery; and

c) current supply means arranged to supply the calculated desired amount of

charge to the battery.

27. A charging apparatus as claimed in claim 24 in which the charging apparatus

is also arranged to obtain information relating to the discharging and/or charging

history of the battery and the control means is arranged to control a voltage applied

to the battery during charging of the battery in dependence on the recorded

information relating to the discharging and/or charging history of the battery.

28. A charging apparatus as claimed in claim 24 or 25 in which the

communication means is a wireless communication apparatus arranged to

wirelessly communicate with a monitoring and recording unit on the battery which

monitors and records the information relating to the discharging and/or charging

history of the battery.
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