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Battery Life (and Death)

For product designers, an understanding of the factors affecting battery life is vitally important for managing both product
performance and warranty liabilities particularly with high cost, high power batteries. Offer too low a warranty period and you won't

sell any batteries/products. Overestimate the battery lifetime and you could lose a fortune.

That batteries have a finite life is due to occurrence of the unwanted chemical or physical changes to, or the loss of, the active materials of which

they are made. Otherwise they would last indefinitely. These changes are usually irreversible and they affect the electrical performance of the cell.

Battery life can usually only be extended by preventing or reducing the cause of the unwanted parasitic chemical effects which occur in the cells.

Some ways of improving battery life and hence reliability are considered below.

Battery cycle life is defined as the number of complete charge - discharge cycles a battery can perform before its nominal capacity falls below
80% of its initial rated capacity. Lifetimes of 500 to 1200 cycles are typical. The actual ageing process results in a gradual reduction in capacity
over time. When a cell reaches its specified lifetime it does not stop working suddenly. The ageing process continues at the same rate as before so
that a cell whose capacity had fallen to 80% after 1000 cycles will probably continue working to perhaps 2000 cycles when its effective capacity will
have fallen to 60% of its original capacity. There is therefore no need to fear a sudden death when a cell reaches the end of its specified life. See

also Performance Characteristics.

An alternative measure of cycle life is based on the internal resistance of the cell. In this case the cycle life is defined as the numer of cycles the

battery can perform before its internal resistance increases to 1.3 times its initial value when new.

In both cases the cycle life depends on the depth of discharge and assumes that the battery is fully charged and discharged each cycle. If the

battery is only partially discharged each cycle then the cycle life will be much greater. See Depth of Discharge below. It is therefore important that

the Depth of Discharge should be stated when specifying the cycle life.

When battery systems are specified it is usual to dimension the battery in terms of its end of life capacity rather than its capacity when new.

Battery shelf life is the time an inactive battery can be stored before it becomes unusable, usually considered as having only 80% of its initial
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Battery Life and How To Improve It

capacity as above. See also Battery Storage

Battery calendar life is the elapsed time before a battery becomes unusable whether it is in active use or inactive as above.

Chemical Changes

Batteries are electrochemical devices which convert chemical energy into electrical energy or vice versa by means of controlled chemical reactions
between a set of active chemicals. Unfortunately the desired chemical reactions on which the battery depends are usually accompanied by
unwanted chemical reactions which consume some of the active chemicals or impede their reactions. Even if the cell's active chemicals remain

unaffected over time, cells can fail because unwanted chemical or physical changes to the seals keeping the electrolyte in place.

Temperature effects

Chemical reactions internal to the battery are driven either by voltage or temperature. The hotter the battery, the faster chemical reactions will
occur. High temperatures can thus provide increased performance, but at the same time the rate of the unwanted chemical reactions will increase
resulting in a corresponding loss of battery life. The shelf life and charge retention depend on the self discharge rate and self discharge is the result
of an unwanted chemical reaction in the cell. Similarly adverse chemical reactions such as passivation of the electrodes, corrosion and gassing are
common causes of reduced cycle life. Temperature therefore affects both the shelf life and the cycle life as well as charge retention since they are
all due to chemical reactions. Even batteries which are specifically designed around high temperature chemical reactions, (such as Zebra

batteries) are not immune to heat induced failures which are the result of parasitic reactions within the cells.

The Arrhenius equation defines the relationship between temperature and the rate at which a chemical action proceeds. It shows that the rate
increases exponentially as temperature rises. As a rule of thumb, for every 10 °C increase in temperature the reaction rate doubles. Thus, an hour
at 35 °C is equivalent in battery life to two hours at 25 °C. Heat is the enemy of the battery and as Arrhenius shows, even small increases in

temperature will have a major influence on battery performance affecting both the desired and undesired chemical reactions.

The graph below shows how the life of high capacity tubular Ironclad Lead Acid batteries used in standby applications over may years varies with
the operating temperature. Note that running at 35 °C, the batteries will deliver more than their rated capacity but their life is relatively short,

whereas an extended life is possible if the batteries are maintained at 15 °C.
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As an example of the importance of storage temperature conditions - Nickel-metal hydride (NiMH) chemistry in particular is very sensitive to high
temperatures. Testing has shown that continuous exposure to 45°C will reduce the cycle life of a I-MH battery by 60 percent and as with all

batteries, the self discharge rate doubles with each 10°C increase in temperature.
Apart from the gradual deterioration of the cell over time, under conditions of abuse, temperature effects can lead to premature failure of the cell.
This can happen even under normal operating conditions if the rate of heat generated in the battery exceeds the rate of heat loss to the

environment. In this situation the battery temperature will continue to rise leading to a condition known as thermal runaway which ultimately results

in disastrous consequences.

The conclusion is that elevated temperatures during storage or use seriously affect the battery life.

See further information in the sections on Lithium Battery Failures and Thermal Management section.

Pressure effects

These problems relate to sealed cells only.

Increased internal pressure within a cell is usually the consequence of increased temperature. Several factors can play a part in causing the
temperature and pressure rise. Excessive currents or a high ambient temperature will cause the cell temperature to rise and the resulting
expansion of the active chemicals will in turn cause the internal pressure in the cell to rise. Overcharging also causes a rise in temperature, but

more seriously, overcharging can also cause the release of gases resulting in an even greater build up in the internal pressure.

Unfortunately increased pressure tends to magnify the effects of high temperature by increasing the rate of the chemical actions in the cell, not just
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Battery Life and How To Improve It
the desired Galvanic reaction but also other factors such as the self discharge rate or in extreme cases contributing to thermal runaway. Excessive

pressures can also cause mechanical failures within the cells such as short circuits between parts, interruptions in the current path, distortion or

swelling of the cell case or in the worst case actual rupture of the cell casing. All of these factors tend to reduce the potential battery life.
We should normally expect such problems to occur only in situations of abuse. However manufacturers have no control over how the user treats
the cells once they have left the factory and for safety reasons, pressure release vents are built into the cells to provide a controlled release of

pressure if there is the possibility that it could reach dangerous levels.

See also Protection / Venting and Loss of Electrolyte

Depth Of Discharge

The relation between the cycle life and the depth of discharge (DOD) is also logarithmic as shown in the graph below. In other words, the number
of cycles yielded by a battery goes up exponentially the lower the DOD. This holds for most cell chemistries.

There are important lessons here both for designers and users. By restricting the possible DOD in the application, the designer can dramatically
improve the cycle life of the product. Similarly the user can get a much longer life out of the battery by using cells with a capacity slightly more than
required or by topping the battery up before it becomes completely discharged. For cells used for "microcycle" applications (small current

discharge and charging pulses) a cycle life of 300,000 to 500,000 cycles is common. See also Battery Performance

Depth of Discharge vs Cycle Life
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Mobile phone users typically recharge their batteries when the DOD is only about 25 to 30 percent. At this low DOD a lithium-ion battery can be
expected to achieve between 5 and 6 times the specified cycle life of the battery which assumes complete discharge every cycle. Thus the cycle

life improves dramatically if the DOD is reduced.

Nickel Cadmium batteries are somewhat of an exception to this. Subjecting the battery to only partial discharges gives rise to the so called memory

effect (see below) which can only be reversed by deep discharging.

Some applications such as electric vehicles or marine use may require the maximum capacity to be extracted from the battery which means

discharging the battery to a very high DOD. Special "deep cycle" battery constructions must be used for such applications since deep discharging

may damage general purpose batteries. In particular, typical automotive SLI batteries are only designed to work down to 50% DOD, whereas

traction batteries may work down to 80% to 100% DOD.

Charging Level
The cycle life of Lithium batteries can be increased by reducing the charging cut off voltage. This essentially gives the battery a partial charge

instead of fully charging it, similar to working at a lower DOD as in the example above. The graph below shows the typical cycle life improvements

possible.

Cycle Life and Charge Cut Off Voltage
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Reducing the charging voltage cut off voltage avoids the battery reaching its maximum stress point. See also Charging Lithium Batteries and

Lithium Battery Failures.

Voltage effects

Rechargeable batteries each have a characteristic working voltage range associated with the particular cell chemistry employed. The practical
voltage limits are a consequence of the onset of undesirable chemical reactions which take place beyond the safe working range. Once all the
active chemicals have been transformed into the composition associated with a fully charged cell, forcing more electrical energy into the cell will
cause it to heat up and to initiate further unwanted reactions between the chemical components breaking them down into forms which can not be
recombined. Thus attempting to charge a cell above its upper voltage limit can produce irreversible chemical reactions which can damage the cell.
The increase in temperature and pressure which accompanies these events if uncontrolled could lead to rupture or explosion of the cell and the
release of dangerous chemicals or fire. Similarly, discharging a cell below its recommended lower voltage limit can also result in permanent,
though less dangerous, damage due to adverse chemical reactions between the active chemicals. Protection circuits are designed to keep the cell
well within its recommended working range with limits set to include a safety margin. This is discussed in more detail in the section on Protection .
Cycle life estimations normally assume that the cells will only be used within their specified operating limits, however this is not always the case in
practice and while straying over the limits for short periods or by a minor margin will not generally cause the immediate destruction of the cell, its

cycle life will most likely be affected.
For example continuously over-discharging NiMH cells by 0.2 V can result in a 40 percent loss of cycle life; and 0.3 V over-discharge of lithium-ion
chemistry can result in 66 percent loss of capacity. Testing has shown that overcharging lithium cells by 0.1 V or 0.25 volts will not result in safety

issues but can reduce cycle life by up to 80 percent.

Charge and discharge control are essential for preserving the life of the battery.
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Battery Life and How To Improve It

Cell Ageing

Charge conditioning or Formation

Cell formation is the process of transforming the active materials of a new cell into their usable form. The initial crystal structure of the electrolyte or
the electrodes is determined by the manufacturing process by which these components were made and the process of coating the electrodes. This
may not be the optimum structure for minimising the internal impedance of the cell and it may not give optimum contact between the electrolyte
and the electrodes. The passage of current through the cell and the heating and cooling the cell is subjected to will cause small changes in the
microstructure or morphology of the active chemicals.

Formation is essentially the first charge carried out at the cell manufacturer's plant under very carefully controlled conditions of current,
temperature and duration to create the desired microstructure of the components and the contact between them.

With some chemical formulations it may take ten charge-discharge cycles or more before the battery is able to deliver its full power or capacity.

Growing old
Once in use however the usage profile of the cell is determined by the user. During the lifetime of the cell, even if there is no undesirable change in
the chemical composition of the materials, the morphology of the active components will continue to change, usually for the worse. The result is

that the performance of the cell gradually deteriorates until eventually the cell becomes unserviceable.

As the cell ages, both the chemical composition and the crystalline structure of the materials changes, larger crystals tend to form and metallic
dendrites may be formed on the electrodes.
There are several consequences of these changes:-
. As the smaller crystals created during formation of the cell grow to a larger size the internal impedance of the cell increases and the cell
capacity is reduced.
. The crystal and dendritic growth cause a swelling of the electrodes which in turn exerts pressure on the electrolyte and the separator. As the
electrodes press closer to each other the self discharge of the cell tends to increase.
. In extreme cases, the separator may be penetrated by dendritic or crystal growth resulting in even higher self discharge or a short circuit.

Once a battery exhibits high self discharge, no remedy is available to reverse its effect.

Cyclic Stresses
In Lithium ion cells the insertion or ejection of the Lithium ions into and out of the intercalation spaces during charging and discharging causes the
electrode materials to swell or contract. Repetitive cycling can weaken the electrode structure reducing its adhesion to the current collector causing

the cell to swell. This can lead to reduction in charge capacity and ultimately failure of the cell.
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Battery Life and How To Improve It

Cyclic Stresses on Cell Components
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The degree of expansion or contraction of the electrode structure depends on the materials used. The volume change in of each of the electrodes
in Lithium Cobalt cells tends to reinforce each other causing the cell to swell whereas volume changes of the electrodes in Lithium Phosphate cells
tends to compensate for eachother keepng swelling to a minimum.

Using Silicon as the anode material instead of Carbon offers the possiblity of very high charge capacities ten times better than Carbon.
Unfortunately Silicon anodes are subject to a 400% volume change during charging which leads to physical breakdown of anode coating. This is

still an unsolved problem and various possible solutions are currently being investigated.

Memory Effect

The so called "Memory Effect" is another manifestation of the changing morphology of the cell components with age. It appears that Nicad cells
could "remember" how much discharge was required on previous discharges and would only accept that amount of charge in subsequent charges.
Nickel metal hydride cells suffer from the same problem but to a lesser extent. What happens in fact is that repeated shallow charges cause the
crystalline structure of the electrodes to change as noted above and this causes the internal impedance of the cell to increase and its capacity to
be reduced. Long slow charges such as trickle charging tend to promote this undesirable crystal growth, as does high temperatures and so should

be avoided.

Reconditioning or Restoration

It is often possible to restore a cell to, or near to, its full capacity essentially by repeating the formation process to break down the larger crystals

http:/mww.mpoweruk.com/life.htm (8 of 13)5/14/09 11:36 AM



donsauer
Highlight

donsauer
Highlight

donsauer
Highlight

donsauer
Highlight

donsauer
Highlight


Battery Life and How To Improve It

into their previous smaller size. One or more deep discharges below 1.0 V/cell with a very low controlled current is enough to cause a change to
the molecular structure of the cell to rebuild of its original chemical composition. Thus giving the cell electric shock treatment can make it lose its
memory. This cure doesn't necessarily work with older cells, set in their ways, whose crystal structure has become ingrained and could actually

make them worse by increasing the self discharge rate. These older cells nearing the end of their useful life should be retired.

Passivation

Passivation is another secondary chemical action which may occur in a battery. A resistive layer forms on the electrodes in some cells due to
cycling, or after prolonged storage. This may be in the form of a chemical deposit or simply a change in the crystalline structure of the electrode
surface. This layer impedes the chemical reactions of the cell and its ability to deliver current as well as increasing the cell's internal resistance.
This barrier must normally be removed to enable proper operation of the cell, however in some cases passivation can bring a benefit by reducing

the cell's self discharge. As with reconditioning above, applying controlled charge/discharge cycles often helps in recovering the battery for use.

Loss of Electrolyte
Any reduction in the volume of the cell's active chemicals will of course directly reduce the cell's electrical capacity. At the same time the cell's

potential cycle life will automatically be reduced since the cell's useful life is defined to be over when its capacity is reduced by 20%.

Electrolyte may be lost from leakage due to the deterioration over time of the seals closing the cells. Even with good seals the solvents in the
electrolyte may eventually permeate through the seal over a prolonged period causing the electrolyte to dry out particularly if the cells are stored in
a dry atmosphere or if the cell contents are under pressure due to high temperatures.

However the loss of electrolyte is not just due to the physical leakage of the electrolyte from the cell, the electrolyte may be effectively lost to the
electrochemical system because it has been transformed or decomposed into another inactive compound which may or may not remain inside the
cell casing. Corrosion is an example of this as are other compounds which may have been caused by overheating or abuse. Gassing and

evaporation are two other mechanisms by which electrolyte may be lost thus causing an irreversible loss in the capacity of the cell.

Recombinant Systems
In order to prevent the loss of electrolyte from secondary cells in which the electrochemical charging cycle produces gaseous products the cells
must be sealed. Closed cycle systems in which the gases are made to recombine to recover the active chemicals are called recombinant systems.

Nicads and SLA batteries use recombinant designs.

Venting
Although most modern cells have a sealed construction to prevent loss of electrolyte, they usually have a vent to relieve pressure if there is a

danger of the cell rupturing due to excessive pressure. Whenever a vent operates, it releases or expels some of the active chemicals to the
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Battery Life and How To Improve It

atmosphere and hence reduces the cell's capacity.

To determine whether electrolyte loss through venting has occurred, the suspect cell can be weighed and its weight compared with the weight of a

known good cell of the same make and capacity.

Leakage

Leakage used to be a major problem with Zinc Carbon cells. This was because the zinc casing took part in the electrochemical discharge reaction.
During the lifetime of the cell, the cell walls become progressively thinner as the zinc is consumed until they become perforated allowing the
electrolyte to escape. The escaping chemicals also create corrosion on the battery terminals compounding the problem. New cell constructions

and modern materials have significantly diminished this problem. Nevertheless some cells may still leak due to poor sealing or corrosion problems.

Manufacturing Tolerances

Battery life is also affected by variations in the materials and components used in manufacturing the cells and although manufacturers try to keep
these variations to a minimum there will always be a spread in the properties of the materials used within the tolerances allowed. Ultimately the
consequences of these tolerance spreads will be reflected in the lifetime of the cells. These factors also explain the wide disparity in performance

of similar cells from different manufacturers.

Chemical Composition
The quality of the active chemicals may vary, particularly if more than one source of supply is used. This may affect the concentration of the

chemicals or the level of impurities present and these factors in turn affect the cell voltage, the internal impedance and the self discharge rates.

Dimensional Accuracy

Variations in the dimensions of the components or in the placement of the parts making up the cell can also affect the cell performance and life
expectancy. Burrs and slight misalignments can cause short circuits, maybe not immediately, but after repeated temperature cycling. The filling of
the electrolyte may be incomplete resulting in a corresponding reduction in cell capacity. The granularity of the chemicals and the surface finish on

the electrodes both affect the current carrying capacity of the cells.

Interactions Between Cells

This can occur in multi-cell batteries and is a consequence of the spread of operating characteristics of the individual cells in the pack. This may be
due to manufacturing tolerances as noted above or uneven temperature conditions across the pack or non uniform ageing patterns which cause
some cells to accept less charge than others. The result is that in a series chain, a weak cell with reduced capacity will reach its full charge before

the rest of the cells in the chain and become overcharged as the charger attempts to charge the overall cell chain to its nominal voltage. As already
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noted, overcharging causes the cell to overheat resulting in expansion of the active chemicals as well as the possible gassing of the electrolyte.
These factors in turn cause the internal pressure to rise, resulting in overstress and possible damage to the cell. This will be repeated with every
charge-discharge cycle causing the cell to become more stressed and hence even weaker until it eventually fails. On the other hand, if for some
reason the weak cell can not reach full charge, perhaps due to a very high self discharge, or in an extreme case, a short circuited cell, then the
good cells, rather than the weaker cell, could possibly become overcharged.

Damage to weaker cells can also continue during the discharge cycle. When discharged in a series configuration the capacity of the weakest cell
in the chain will be depleted before the others. If the discharge is continued (to discharge the remaining good cells), the voltage on the low capacity
cell will reach zero then reverse due to the IR voltage drop across the cell. Subsequent heat and pressure build up within the cell due to "cell

reversal" can then cause catastrophic failure.

The initial tolerance spread which caused these interactions may be very low but it can build up over time as the damage increases with every

charge-discharge cycle until the weak cells eventually fail.

Improving Battery Life
The simplest and most obvious way of getting the maximum life out of a battery is to ensure that it always works well within its designed operating
limits. There are however some further actions which can be taken to increase the battery life. These are summarised below and in depth

explanations and examples are available by following the links.

Charging
As noted in the section on Charging most battery failures are due to inappropriate charging. The use of intelligent chargers and safety systems

which prevent the connection of unapproved chargers to the battery may not extend battery life but at least they can prevent it from being cut short.

Battery Management
Battery management is essentially the method of keeping the cells within their desired operating limits during both charging and discharging either

by controlling the load on the battery or by isolating the battery from the load if the load can not be controlled. See Battery Management

Cell Balancing
As noted above, in multi-cell batteries problems could arise from interactions between the cells caused by small differences in the characteristics of
the individual cells making up the battery. Cell balancing is designed to equalise the charge on every cell in the pack and prevent individual cells

from becoming over stressed thus prolonging the life of the battery. See Cell Balancing

Load Sharing
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For pulsed applications the peak load on the battery can be reduced by placing a large value capacitor in parallel with the battery. Energy for large
instantaneous loads is supplied by the capacitor effectively reducing the duty cycle and stress on the battery. The capacitor recharges during the
quiescent periods. Claims of a sixty percent increase in cycle life are made for this technique.

Another benefit of this arrangement is that since the battery supplies less of the instantaneous peak load current, the voltage drop across the
battery will be lower. For high power pulses this voltage drop can be very significant.

See Capacitors and Supercapacitors.

Reformation/Reconditioning

As noted above some cells suffering capacity loss can be restored by repeating the formation process thus extending their life. See Reformation/

Reconditioning

Demand Management
The "effective" life of a battery in a particular application can also be extended by controlling the load which the application places on the battery.

This does not actually improve the battery performance, instead it reduces the load that the battery has to supply. See Demand Management

Premature Death (Murder)

The most likely cause of premature failure of a battery is abuse, subjecting a battery to conditions for which it was never designed.

Apart from obvious physical abuse, the following examples should also be considered abuse, whether deliberate, inadvertent or through poor
maintenance disciplines.

. Drawing more current than the battery was designed for or short circuiting the battery.

. Using undersized batteries for the application.

. Circuit or system designs which subject the battery to repeated "coup de fouet" (whiplash) effects. This effect is a temporary, severe voltage
drop which occurs when a heavy load is suddenly placed on the battery and is caused by the inability of the rate of the chemical action in the
battery to accommodate the instantaneous demand for current.

. Operating or storing the battery in too high or too low ambient temperatures.

. Using chargers designed for charging batteries with a different cell chemistry.

. Overcharging - either to too high a voltage or for too long a period.

. Over-discharging - allowing the battery to become completely discharged.

. In aqueous batteries - allowing electrolyte level to fall below the recommended minimum.

. In aqueous batteries - topping up with tap water instead of distilled water (or inappropriate electrolyte).

. Subjecting the battery to excessive vibration or shock.

Battery designers try to design out the possibility of abuse wherever possible but ultimately the life of the battery is in the user's hands.
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See also Why Batteries Fail, Lithium Battery Failures, Battery Safety and Battery Protection Methods
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Battery Performance Characteristics - How to specify and test a battery

| Glectropnedin Battery and Energy Technologies

Technologies Performance Characteristics
lLow Power Cells

High Power Cells
Chargers & Charging

This section describes the main parameters which are used to characterise cell performance. An appreciation of these

characteristics is essential for choosing the optimum battery for an application.
Battery Management

L

Battery Testing

Cell Chemistries Discharge Curves

FAQ Energy cells have been developed for a wide range of applications using a variety of different technologies, resulting in a wide range of available

Free Report performance characteristics. The graphs below show some of the main factors an applications engineer should take into account when specifying

Buying Batteries in a battery to match the performance requirements of the end product.

Q
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Choosing a Battery Cell Chemistry

How to Specif The nominal voltage of a galvanic cell is fixed by the electrochemical characteristics of the active chemicals used in the cell, the so called cell

chemistry. The actual voltage appearing at the terminals at any particular time, as with any cell, depends on the load current and the internal

Batteries

impedance of the cell and this varies with, temperature, the state of charge and with the age of the cell.
The graph below shows typical discharge discharge curves for cells using a range of cell chemistries when discharged at 0.2C rate. Note that each

cell chemistry has its own characteristic nominal voltage and discharge curve. Some chemistries such as Lithium lon have a fairly flat discharge

curve while others such as Lead acid have a pronounced slope.

The power delivered by cells with a sloping discharge curve falls progressively throughout the discharge cycle. This could give rise to problems for
high power applications towards the end of the cycle. For low power applications which need a stable supply voltage, it may be necessary to

incorporate a voltage regulator if the slope is too steep. This is not usually an option for high power applications since the losses in the regulator

would rob even more power from the battery.

A flat discharge curve simplifies the design of the application in which the battery is used since the supply voltage stays reasonably constant
throughout the discharge cycle. A sloping curve facilitates the estimation of the State of Charge of the battery since the cell voltage can be used as
a measure of the remaining charge in the cell. Modern Lithium lon cells have a very flat discharge curve and other methods must be used to

determine the State of Charge
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capacity of the cell.

Temperature Characteristics

Cell Voltage (volts)
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The X axis shows the cell characteristics normalised as a percentage of cell capacity so that the shape of the graph can be shown independent of

the actual cell capacity. If the X axis was based on discharge time, the length of each discharge curve would be proportional to the nominal

Cell performance can change dramatically with temperature. At the lower extreme the electrolyte may freeze setting a lower limit on the operating
temperature, while at the upper extreme the active chemicals may break down destroying the battery. In between these limits the cell performance

generally improves with temperature. See also Thermal Management and Battery Life for more details.
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Self Discharge Characteristics

Cell Chemistry

. Zinc Carbon (Leclanché) 2 to 3 years

. Alkaline 5 years

Lithium 10 years or more

Lead Acid 4% to 6% per month

a5

25

Nickel Cadmium 15% to 20% per month

Nickel Metal Hydride 30% per month
Lithium 2% to 3% per month

Temperature Effects
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typical self discharge rates for a Lithium lon battery.

The following shows the typical shelf life for some primary cells:

cell. The rate depends on the cell chemistry and the temperature.

Typical self discharge rates for common rechargeable cells are as follows:

—
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The above graph shows how the performance of Lithium lon batteries deteriorates as the operating temperature decreases.

The self discharge rate is a measure of how quickly a cell will lose its energy while sitting on the shelf due to unwanted chemical actions within the

The rate of unwanted chemical reactions which cause internal current leakage between the positive and negative electrodes of the cell, like all

chemical reactions, increases with temperature thus increasing the battery self discharge rate. See also Battery Life . The graph below shows
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Internal Impedance

Battery Equivalent Circuit

Effects of Internal Impedance

Capacity retentian ratla (%)

100.09
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Storage characteristics
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“ﬂt
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20.0
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Typical internal resistance is in the order of milliohms.

4 8 12
Storage Time (Weeks)

The diagram on the right shows the equivalent circuit for an energy cell.
. Rm is the resistance of the metallic path through the cell including the terminals, electrodes and inter-connections.
. Rais the resistance of the electrochemical path including the electrolyte and the separator.
. Cb is the capacitance of the parallel plates which form the electrodes of the cell.

. Ri is the non-linear contact resistance between the plate or electrode and the electrolyte.

The internal impedance of a cell determines its current carrying capability. A low internal resistance allows high currents.

Ra+ Rm

Ch

)|

Rl

When current flows through the cell there is an IR voltage drop across the internal resistance of the cell which decreases the terminal voltage of
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rates. See "Discharge Rates" below.
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The graph below is a typical example.

end of the discharge cycle.

and permits faster charge and discharge rates.

= - b
Mmoo o—=  m rain

ntemal Resistance [Ohms)

=

the cell during discharge and increases the voltage needed to charge the cell thus reducing its effective capacity as well as decreasing its charge/

discharge efficiency. Higher discharge rates give rise to higher internal voltage drops which explains the lower voltage discharge curves at high C

The internal impedance is affected by the physical characteristics of the electrolyte, the smaller the granular size of the electrolyte material the

lower the impedance. The grain size is controlled by the cell manufacturer in a milling process.

Spiral construction of the electrodes is often used to maximise the surface area and thus reduce internal impedance. This reduces heat generation

The internal resistance of a galvanic cell is temperature dependent, decreasing as the temperature rises due to the increase in electron mobility.

Lead Acid Battery
Internal Resistance V= Tenperature

-10

50 5 10 15 20 25 30 35 40
Ternperature [deg C)

Thus the cell may be very inefficient at low temperatures but the efficiency improves at higher temperatures due to the lower internal impedance,
but also to the increased rate of the chemical reactions. However the lower internal resistance unfortunately also causes the self discharge rate to
increase. Furthermore, cycle life deteriorates at high temperatures. Some form of heating and cooling may be required to maintain the cell within a

restricted temperature range to achieve the optimum performance in high power applications.

The internal resistance of most cell chemistries also tends to increase significantly towards the end of the discharge cycle as the active chemicals

are converted to their discharged state and hence are effectively used up. This is principally responsible for the rapid drop off in cell voltage at the

In addition the Joule heating effect of the I2R losses in the internal resistance of the cell will cause the temperature of the cell to rise.




Battery Performance Characteristics - How to specify and test a battery

The voltage drop and the I2R losses may not be significant for a 1000 mAh cell powering a mobile phone but for a 100 cell 200 Ah automotive
battery they can be substantial. Typical internal resistance for a 1000mA Lithium mobile phone battery is around 100 to 200mOhm and around

1mOhm for a 200Ah Lithium cell used in an automotive battery.

Operating at the C rate the voltage drop per cell will be about 0.2 volts in both cases, (slightly less for the mobile phone). The I2R loss in the mobile
phone will be between 0.1 and 0.2 Watts. In the automotive battery however the voltage drop across the whole battery will be 20 Volts and 12R
power loss dissipated as heat within the battery will be 40 Watts per cell or 4KW for the whole battery. This is in addition to the heat generated by

the electrochemical reactions in the cells.

As a cell ages, the resistance of the electrolyte tends to increase. Aging also causes the surface of the electrodes to deteriorate and the contact
resistance builds up and at the same the effective area of the plates decreases reducing its capacitance. All of these effects increase the internal
impedance of the cell adversely affecting its ability to perform. Comparing the actual impedance of a cell with its impedance when it was new can
be used to give a measure or representation of the age of a cell or its effective capacity. Such measurements are much more convenient than

actually discharging the cell and can be taken without destroying the cell under test. See "Impedance and Conductance Testing"

The internal resistance also influences the effective capacity of a cell. The higher the internal resistance, the higher the losses while charging and
discharging, especially at higher currents. This means that for high discharge rates the lower the available capacity of the cell. Conversely, if it is
discharged over a prolonged period, the AmpHour capacity is higher. This is important because some manufacturers specify the capacity of their

batteries at very low discharge rates which makes them look a lot better than they really are.

Discharge Rates
The discharge curves for a Lithium lon cell below show that the effective capacity of the cell is reduced if the cell is discharged at very high rates

(or conversely increased with low discharge rates). This is called the capacity offset and the effect is common to most cell chemistries.

http://www.mpoweruk.com/performance.htm (6 of 13)5/14/09 11:38 AM
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If the discharge takes place over a long period of several hours as with some high rate applications such as electric vehicles, the effective capacity
of the battery can be as much as double the specified capacity at the C rate. This can be most important when dimensioning an expensive battery
for high power use. The capacity of low power, consumer electronics batteries is normally specified for discharge at the C rate whereas the SAE
uses the discharge over a period of 20 hours (0.05C) as the standard condition for measuring the Amphour capacity of automotive batteries. The
graph below shows that the effective capacity of a deep discharge lead acid battery is almost doubled as the discharge rate is reduced from 1.0C
to 0.05C. For discharge times less than one hour (High C rates) the effective capacity falls off dramatically.

The effectiveness of charging is similarly influenced by the rate of charge. An explanation of the reasons for this is given in the section on Charging

Times .
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Capacity and Discharge Time
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There are two conclusions to be drawn from this graph:
. Care should be exercised when comparing battery capacity specifications to ensure that comparable discharge rates are used.
. In an automotive application, if high current rates are used regularly for hard acceleration or for hill climbing, the range of the vehicle will be

reduced.

Notes: For information
. A typical small electric car will use between 150 to 250 Watthours of energy per mile with normal driving. Thus, for a range of 100 miles at 200
Watthours per mile, a battery capacity of 20 KWh will be required.
. Hybrid electric vehicle use smaller batteries but they may be required to operate at very high discharge rates of up to 40C. If the vehicle uses
regenerative braking the battery must also accept very high charging rates to be effective. See the section about Capacitors for an example of

how this requirement can be accommodated.

Peukert Equation

The Peukert equation is a convenient way of characterising cell behaviour and of quantifying the capacity offset in mathematical terms.

This is an empirical formula which approximates how the available capacity of a battery changes according to the rate of discharge. C=1n" T
where "C" is the theoretical capacity of the battery expressed in amp hours, "I" is the current, "T" is time, and "n" is the Peukert Number, a constant
for the given battery. The equation shows that at higher currents, there is less available energy in the battery. The Peukert Number is directly
related to the internal resistance of the battery. Higher currents mean more losses and less available capacity.

The value of the Peukert number indicates how well a battery performs under continuous heavy currents. A value close to 1 indicates that the
battery performs well; the higher the number, the more capacity is lost when the battery is discharged at high currents. The Peukert number of a

battery is determined empirically. For Lead acid batteries the number is typically between 1.3 and 1.4

http://www.mpoweruk.com/performance.htm (8 of 13)5/14/09 11:38 AM
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Discharge

Peukert Curve
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based on logarithmic scales.
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Discharge Time

electric power is a better solution for delivery vehicles which are subject to continuous interruptions.

(Altairnano) deliver a very high power density but a ruduced energy density.

Energy and Power Density - Ragone Plot

Eff ective
Cell
Capacity

The graph above shows that the effective battery capacity is reduced at very high continuous discharge rates. However with intermittent use the
battery has time to recover during quiescent periods when the temperature will also return towards the ambient level. Because of this potential for
recovery, the capacity reduction is less and the operating efficiency is greater if the battery is used intermittently as shown by the dotted line.

This is the reverse of the behaviour of an internal combustion engine which operates most efficiently with continuous steady loads. In this respect

The Ragone plot is useful for characterising the trade-off between effective capacity and power handling. Note that the Ragone plots are usually

The graph below shows the superior gravimetric energy density of Lithium lon cells. Note also that Lithium ion cells with Lithium Titanate anodes
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The Ragone plot below compares the performance of a range of electrochemical devices. It shows that ultracapacitors (supercapacitors) can

deliver very high power but the storage capacity is very limited. On the other hand Fuel Cells can store large amounts of energy but have a

relatively low power output.

Ragone Plot of Electrochemical Devices
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The sloping lines on the Ragone plots indicate the relative time to get the charge in or out of the device. At one extreme, power can be pumped
into, or extracted from, capacitors in microseconds. This makes them ideal for capturing regenerative braking energy in EV applications. At the
other extreme, fuel cells have a very poor dynamic performance taking hours to generate and deliver their energy. This limits their application in
EV applications where they are often used in conjunction with batteries or capacitors to overcome this problem. Lithium batteries are somewhere in

between and provide a reasonable compromise between the two.

See also Alternative Energy Storage Comparisons.

Pulse Performance
The ability to deliver high current pulses is a requirement of many batteries. The current carrying capacity of a cell depends on the effective surface

area of the electrodes. (See Energy/Power Trade-Offs). The current limit is however set by the rate at which the chemical reactions occur within

the cell. The chemical reaction or "charge transfer" takes place on the surface of the electrodes and the initial rate can be quite high as the
chemicals close to the electrodes are transformed. Once this has occurred however, the reaction rate becomes limited by the rate at which the
active chemicals on the electrode surface can be replenished by diffusion through the electrolyte in a process known as "mass transfer". The same
principle applies to the charging process and is explained in more detail in the section on Charging Times. The pulse current can therefore be

substantially higher than the C rate which characterises the continuous current performance.
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Cycle Life

This is one of the key cell performance parameters and gives an indication of the expected working lifetime of the cell.

Cycle Life at Room Temperature
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The cycle life is defined as the number of cycles a cell can perform before its capacity drops to 80% of its initial specified capacity.
Note that the cell does not die suddenly but continues a slow deterioration which will be almost imperceptible to the user. At the end of the

specified cycle life the cell will continue to function normally except that its capacity will be significantly less than it was when it was new.

The cycle life as defined is a useful way of comparing batteries under controlled conditions, however it may not give the best indication of battery
life under actual operating conditions. Cells are seldom operated under successive, complete charge - discharge cycles, they are much more likely
to be subject to partial discharges of varying depth before complete recharging. Since smaller amounts of energy are involved in partial
discharges, the battery can sustain a much greater number of shallow cycles. Such usage cycles are typical for Hybrid Electric Vehicle applications
with regenerative braking. See how cycle life varies with depth of discharge in Battery Life

A more representative measure of battery life is the Lifetime Energy Throughput. This is the total amount of energy in Watthours which can be
taken out of a battery over all the cycles in its lifetime before its capacity reduces to 80% of its initial capacity when new. Unfortunately this
measure is not yet in common use by cell manufacturers and has not yet been adopted as a battery industry standard. Until it comes into general
use it will not be possible to use it to compare the performance of cells from different manufacturers in this way but, when available, at least it

provides a more useful guide to applications engineers for estimating the useful life of batteries used in their designs.

Deep Discharge

Cycle life decreases with increased Depth of Discharge (DOD) (See Battery Life) and many cell chemistries will not tolerate deep discharge and

http://www.mpoweruk.com/performance.htm (12 of 13)5/14/09 11:38 AM
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cells may be permanently damaged if fully discharged. Special cell constructions and chemical mixes are required to maximise the potential DOD

of deep cycle batteries.

Charging Characteristics

Charging curves and recommended charging methods are included in a separate section on Charging
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Lead Acid Batteries

| Glectropnedin Battery and Energy Technologies

Technologies

&

Lead Acid Batteries

Low Power Cells o
Characteristics

High Power Cells
Chargers & Charging

Lead acid batteries were invented in 1859 by Gaston Planté and first demonstrated to the French Academy of Sciences in 1860.

They remain the technology of choice for automotive SLI (Starting, Lighting and Ignition) applications because they are robust,
Battery Management

tolerant to abuse, tried and tested and because of their low cost. For higher power applications with intermittent loads however,
Battery Testing

Cell Chemistries

FAQ

Lead acid batteries are generally too big and heavy and they suffer from a shorter cycle life and typical usable power down to only
50% Depth of Discharge (DOD). Despite these shortcomings Lead acid batteries are still being specified for PowerNet applications

(36 Volts 2 kWh capacity) because of the cost, but this is probably the limit of their applicability and NiMH and Li-lon batteries are
Free Report

making inroads into this market. For higher voltages and cyclic loads other technologies are being explored.
Buying Batteries in

Q
=
S
)

Lead-acid batteries are composed of a Lead-dioxide cathode, a sponge metallic Lead anode and a Sulphuric acid solution
Choosing a Battery
electrolyte. This heavy metal element makes them toxic and improper disposal can be hazardous to the environment.

How to Specify

Batteries

The cell voltage is 2 Volts

Sponsors

Discharge

During discharge, the lead dioxide (positive plate) and lead (negative plate) react with the electrolyte of sulfuric acid to create lead

sulfate, water and energy.

Charge
During charging, the cycle is reversed: the lead sulfate and water are electro-chemically converted to lead, lead oxide and sulfuric

acid by an external electrical charging source.

Many new competitive cell chemistries are being developed to meet the requirements of the auto industry for EV and HEV

applications.

Even after 140 years since its invention, improvements are still being made to the lead acid battery and despite its shortcomings

and the competition from newer cell chemistries the lead acid battery still retains the lion's share of the high power battery market.

Advantages

Low cost.
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Reliable. Over 140 years of development.

Robust. Tolerant to abuse.

Tolerant to overcharging.

Low internal impedance.

Can deliver very high currents.

Indefinite shelf life if stored without electrolyte.

Can be left on trickle or float charge for prolonged periods.

Wide range of sizes and capacities available.

Many suppliers world wide.

The world's most recycled product.

Shortcomings

Very heavy and bulky.

Typical coulombic charge efficiency only 70% but can be as high as 85% to 90% for special designs.

Danger of overheating during charging

Not suitable for fast charging

Typical cycle life 300 to 500 cycles .

Must be stored in a charged state once the electrolyte has been introduced to avoid deterioration of the active chemicals.
Gassing is the production and release of bubbles of hydrogen and oxygen in the electrolyte during the charging process,
particularly due to excessive charging, causing loss of electrolyte. In large battery installations this can cause an explosive
atmosphere in the battery room. Sealed batteries are designed to retain and recombine these gases. (See VRLA below)
Sulphation may occur if a battery is stored for prolonged periods in a completely discharged state or very low state of charge, or if
it is never fully charged, or if electrolyte has become abnormally low due to excessive water loss from overcharging and/or
evaporation. Sulphation is the increase in internal resistance of the battery due to the formation of large lead sulphate crystals
which are not readily reconverted back to lead, lead dioxide and sulphuric acid during re-charging. In extreme cases the large
crystals may cause distortion and shorting of the plates. Sometimes sulphation can be corrected by charging very slowly (at low
current) at a higher than normal voltage.

Completely discharging the battery may cause irreparable damage.

Shedding or loss of material from the plates may occur due to excessive charge rates or excessive cycling. The result is chunks of
lead on the bottom of the cell, and actual holes in the plates for which there is no cure. This is more likely to occur in SLI batteries
whose plates are composed of a Lead "sponge", similar in appearance to a very fine foam sponge. This gives a very large surface
area enabling high power handling, but if deep cycled, this sponge will quickly be consumed and fall to the bottom of the cells.

Toxic chemicals
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Very heavy and bulky

Lower temperature limit -15 °C

Decomposition of the Electrolyte Cells with gelled electrolyte are prone to deterioration of the electrolyte and unexpected failure.
Such cells are commonly used for emergency applications such as UPS back up in case of loss of mains power. So as not to be
caught unawares by an unreliable battery in an emergency situation, it is advisable to incorporate some form of regular self test into
the battery.

Charging

Charge immediately after use.

Lasts longer with partial discharges.

Charging method: constant voltage followed by float charge.

Fast charge not possible but charging time can be reduced using the V Taper charge control method.

Applications

Automotive and traction applications.
Standby/Back-up/Emergency power for electrical installations.
Submarines

UPS (Uninterruptible Power Supplies)

Lighting

High current drain applications.

Sealed battery types available for use in portable equipment.
Costs

Low cost

Flooded lead acid cells are one of the least expensive sources of battery power available.

Deep cycle cells may cost up to double the price of the equivalent flooded cells.

Varieties of Lead Acid Batteries
Lead Calcium Batteries
Lead acid batteries with electrodes modified by the addition of Calcium providing the following advantages:
. More resistant to corrosion, overcharging, gassing, water usage, and self-discharge, all of which shorten battery life.
. Larger electrolyte reserve area above the plates.
. Higher Cold Cranking Amp ratings.
. Little or No maintenance.

Lead Antimony Batteries
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Lead acid batteries with electrodes modified by the addition of Antimony providing the following advantages:

. Improved mechanical strength of electrodes - important for EV and deep discharge applications

. Reduced internal heat and water loss.

. Longer service life than Calcium batteries.

. Easier to recharge when completely discharged.

. Lower cost.
Lead Antimony batteries have a higher self discharge rate of 2% to 10% per week compared with the 1% to 5% per month for Lead
Calcium batteries.
Valve Regulated Lead Acid (VRLA) Batteries
Also called Sealed Lead Acid (SLA) batteries.
This construction is designed to prevent electrolyte loss through evaporation, spillage and gassing and this in turn prolongs the life
of the battery and eases maintenance. Instead of simple vent caps on the cells to let gas escape, VRLA have pressure valves that
open only under extreme conditions. Valve-regulated batteries also need an electrolyte design that reduces gassing by impeding
the release to the atmosphere of the oxygen and hydrogen generated by the galvanic action of the battery during charging. This
usually involves a catalyst that causes the hydrogen and oxygen to recombine into water and is called a recombinant system.
Because spillage of the acid electrolyte is eliminated the batteries are also safer.
AGM Absorbed Glass Mat Battery
Also known as Absorptive Glass Micro-Fibre
Used in VRLA batteries the Boron Silicate fibreglass mat which acts as the separator between the electrodes and absorbs the free
electrolyte acting like a sponge. Its purpose is to promote recombination of the hydrogen and oxygen given off during the charging
process. No silica gel is necessary. The fibreglass matt absorbs and immobilises the acid in the matt but keeps it in a liquid rather
than a gel form. In this way the acid is more readily available to the plates allowing faster reactions between the acid and the plate
material allowing higher charge/discharge rates as well as deep cycling.
This construction is very robust and able to withstand severe shock and vibration and the cells will not leak even if the case is
cracked.
AGM batteries are also sometimes called "starved electrolyte" or "dry", because the fibreglass mat is only 95% saturated with
Sulfuric acid and there is no excess liquid.
Nearly all AGM batteries are sealed valve regulated "VRLA".
AGM's have a very low self-discharge rate of from 1% to 3% per month
Gel Cell
This is an alternative recombinant technology to also used in VRLA batteries to promote recombination of the gases produced

during charging. It also reduces the possibility of spillage of the electrolyte. Prone to damage if gassing is allowed to occur, hence
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charging rates may be limited. They must be charged at a slower rate (C/20) to prevent excess gas from damaging the cells. They
cannot be fast charged on a conventional automotive charger or they may be permanently damaged.

Used for UPS applications.

SLI Batteries (Starting Lighting and Ignition)

This is the typical automotive battery application. Automotive batteries are designed to be fully charged when starting the car; after
starting the vehicle, the lost charge, typically 2% to 5% of the charge, is replaced by the alternator and the battery remains fully
charged. These batteries are not designed to be discharged below 50% Depth of Discharge (DOD) and discharging below these
levels can damage the plates and shorten battery life.

Deep Cycle Batteries

Marine applications, golf buggies, fork lift trucks and electric vehicles use deep cycle batteries which are designed to be completely
discharged before recharging. Because charging causes excessive heat which can warp the plates, thicker and stronger or solid
plate grids are used for deep cycling applications. Normal automotive batteries are not designed for repeated deep cycling and use
thinner plates with a greater surface area to achieve high current carrying capacity.

Automotive batteries will generally fail after 30-150 deep cycles if deep cycled, while they may last for thousands of cycles in normal
starting use (2-5% discharge).

If batteries designed for deep cycling are used for automotive applications they must be "oversized" by about 20% to compensate

for their lower current carrying capacity.

History
Cell Chemistry Comparison Chart

Lead Acid Battery Safety Warning
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Battery Chargers and Charging Methods

| Glectropnedin Battery and Energy Technologies

Technologies Chargers and Charging
Low Power Cells

High Power Cells
Chargers & Charging

[ More batteries are damaged by bad charging techniques than all other causes combined. J

Battery Management

Battery Testing Charging Schemes

Cell Chemistries The charger has three key functions

FAQ . Getting the charge into the battery (Charging)
Free Report . Optimising the charging rate (Stabilising)

Buying Batteries in . Knowing when to stop (Terminating)

Q
=
S
)

Choosing a Battery The charging scheme is a combination of the charging and termination methods.

How to Specify
Charge Termination

Batteries

Sponsors Once a battery is fully charged, the charging current has to be dissipated somehow. The result is the generation of heat and gasses both of which

are bad for batteries. The essence of good charging is to be able to detect when the reconstitution of the active chemicals is complete and to stop

the charging process before any damage is done while at all times maintaining the cell temperature within its safe limits. Detecting this cut off point

and terminating the charge is critical in preserving battery life. In the simplest of chargers this is when a predetermined upper voltage limit, often

called the termination voltage has been reached. This is particularly important with fast chargers where the danger of overcharging is greater.

Safe Charging

If for any reason there is a risk of over charging the battery, either from errors in determining the cut off point or from abuse this will normally be
accompanied by a rise in temperature. Internal fault conditions within the battery or high ambient temperatures can also take a battery beyond its
safe operating temperature limits. Elevated temperatures hasten the death of batteries and monitoring the cell temperature is a good way of
detecting signs of trouble from a variety of causes. The temperature signal, or a resettable fuse, can be used to turn off or disconnect the charger
when danger signs appear to avoid damaging the battery. This simple additional safety precaution is particularly important for high power batteries

where the consequences of failure can be both serious and expensive.

Charging Times

During fast charging it is possible to pump electrical energy into the battery faster than the chemical process can react to it, with damaging results.
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Battery Chargers and Charging Methods

The chemical action can not take place instantaneously and there will be a reaction gradient in the bulk of the electrolyte between the electrodes
with the electrolyte nearest to the electrodes being converted or "charged" before the electrolyte further away. This is particularly noticeable in high

capacity cells which contain a large volume of electrolyte.

Cell Chemical Reaction Times
Electrolyte Electrode

T —

Mass transport / Diffusion region Intercalation region
T=several hours T=several hours
Charge transfer region | | T<Iminute
Charge transfer / chemical conversion at the electrode surface (Short time constant)

Mass transfer [ diffusion of ions in the electrolyte bulk
{Long time constant. Continues until all materials have been transformed or transferred)

Intercalation of ions in the electrode bulk (Long time constant)

There are in fact at least three key processes involved in the cell chemical conversions.

. One is the "charge transfer", which is the actual chemical reaction taking place at the interface of the electrode with the electrolyte and this
proceeds relatively quickly.

. The second is the "mass transport" or "diffusion" process in which the materials transformed in the charge transfer process are moved on from
the electrode surface, making way for further materials to reach the electrode to take part in the transformation process. This is a relatively
slow process which continues until all the materials have been transformed.

. The charging process may also be subject to other significant effects whose reaction time should also be taken into account such as the
"intercalation process" by which Lithium cells are charged in which Lithium ions are inserted into the crystal lattice of the host electrode.

All of these processes are also temperature dependent.

In addition there may be other parasitic or side effects such as passivation of the electrodes, crystal formation and gas build up, which all affect
charging times and efficiencies, but these may be relatively minor or infrequent, or may occur only during conditions of abuse. They are therefore

not considered here.

The battery charging process thus has at least three characteristic time constants associated with achieving complete conversion of the active
chemicals which depend on both the chemicals employed and on the cell construction. The time constant associated with the charge transfer could
be one minute or less, whereas the mass transport time constant can be as high as several hours or more in a large high capacity cell. This is one

of the the reasons why cells can deliver or accept very high pulse currents, but much lower continuous currents.(Another major factor is the heat
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dissipation involved). These phenomena are non linear and apply to the discharging process as well as to charging. There is thus a limit to the
charge acceptance rate of the cell. Continuing to pump energy into the cell faster than the chemicals can react to the charge can cause local
overcharge conditions including polarisation, overheating as well as unwanted chemical reactions, near to the electrodes thus damaging the cell.
Fast charging forces up the rate of chemical reaction in the cell (as does fast discharging) and it may be necessary to allow "rest periods" during
the charging process for the chemical actions to propagate throughout the bulk of the chemical mass in the cell and to stabilise at progressive

levels of charge.

A memorable though not quite equivalent phenomenon is the pouring of beer into a glass. Pouring very quickly results in a lot of froth and a small
amount of beer at the bottom of the glass. Pouring slowly down the side of the glass or alternatively letting the beer settle till the froth disperses

and then topping up allows the glass to be filled completely.

Hysteresis
The time constants and the phenomena mentioned above thus give rise to hysteresis in the battery. During charging the chemical reaction lags
behind the application of the charging voltage and similarly, when a load is applied to the battery to discharge it, there is a delay before the full

current can be delivered through the load. As with magnetic hysteresis, energy is lost during the charge discharge cycle due to the chemical

hysteresis effect.

Fast charging also causes increased Joule heating of the cell because of the higher currents involved and the higher temperature in turn causes

an increase in the rate of the chemical conversion processes.

The section on Discharge Rates shows how the effective cell capacity is affected by the discharge rates.

The section on Cell Construction describes how the cell designs can be optimised for fast charging.

Charge Efficiency
This refers to the properties of the battery itself and does not depend on the charger. It is the ratio (expressed as a percentage) between the
energy removed from a battery during discharge compared with the energy used during charging to restore the original capacity. Also called the

Coulombic Efficiency or Charge Acceptance.

Charge acceptance and charge time are considerably influenced by temperature as noted above. Lower temperature increases charge time and

reduces charge acceptance.

Note that at low temperatures the battery will not necessarily receive a full charge even though the terminal voltage may indicate full charge. See
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Factors Influencing State of Charge.

Basic Charging Methods

. Constant Voltage A constant voltage charger is basically a DC power supply which in its simplest form may consist of a step down
transformer from the mains with a rectifier to provide the DC voltage to charge the battery. Such simple designs are often found in cheap car
battery chargers. The lead-acid cells used for cars and backup power systems typically use constant voltage chargers. In addition, lithium-ion
cells often use constant voltage systems, although these usually are more complex with added circuitry to protect both the batteries and the
user safety.

. Constant Current Constant current chargers vary the voltage they apply to the battery to maintain a constant current flow, switching off when
the voltage reaches the level of a full charge. This design is usually used for nickel-cadmium and nickel-metal hydride cells or batteries.

. Taper Current This is charging from a crude unregulated constant voltage source. It is not a controlled charge as in V Taper above. The
current diminishes as the cell voltage (back emf) builds up. There is a serious danger of damaging the cells through overcharging. To avoid
this the charging rate and duration should be limited. Suitable for SLA batteries only.

. Pulsed charge Pulsed chargers feed the charge current to the battery in pulses. The charging rate (based on the average current) can be
precisely controlled by varying the width of the pulses, typically about one second. During the charging process, short rest periods of 20 to 30
milliseconds, between pulses allow the chemical actions in the battery to stabilise by equalising the reaction throughout the bulk of the
electrode before recommencing the charge. This enables the chemical reaction to keep pace with the rate of inputting the electrical energy. It
is also claimed that this method can reduce unwanted chemical reactions at the electrode surface such as gas formation, crystal growth and
passivation. (See also Pulsed Charger below). If required, it is also possible to sample the open circuit voltage of the battery during the rest

period.

Pulse and Burp Charging

IR e Perod

Charging Pulse

Time

Discharae Pulse

The optimum current profile depends on the cell chemistry and construction.

. Burp charging Also called Reflex or Negative Pulse Charging Used in conjunction with pulse charging, it applies a very short discharge
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pulse, typically 2 to 3 times the charging current for 5 milliseconds, during the charging rest period to depolarise the cell. These pulses
dislodge any gas bubbles which have built up on the electrodes during fast charging, speeding up the stabilisation process and hence the
overall charging process. The release and diffusion of the gas bubbles is known as "burping". Controversial claims have been made for the
improvements in both the charge rate and the battery lifetime as well as for the removal of dendrites made possible by this technique. The
least that can be said is that "it does not damage the battery".

IUI Charging This is a recently developed charging profile used for fast charging standard flooded lead acid batteries from particular
manufacturers. It is not suitable for all lead acid batteries. Initially the battery is charged at a constant (l) rate until the cell voltage reaches a
preset value - normally a voltage near to that at which gassing occurs. This first part of the charging cycle is known as the bulk charge phase.
When the preset voltage has been reached, the charger switches into the constant voltage (U) phase and the current drawn by the battery will
gradually drop until it reaches another preset level. This second part of the cycle completes the normal charging of the battery at a slowly
diminishing rate. Finally the charger switches again into the constant current mode (l) and the voltage continues to rise up to a new higher
preset limit when the charger is switched off. This last phase is used to equalise the charge on the individual cells in the battery to maximise
battery life. See Cell Balancing.

Trickle charge Trickle charging is designed to compensate for the self discharge of the battery. Continuous charge. Long term constant
current charging for standby use. The charge rate varies according to the frequency of discharge. Not suitable for some battery chemistries, e.
g. NiMH and Lithium, which are susceptible to damage from overcharging. In some applications the charger is designed to switch to trickle
charging when the battery is fully charged.

Float charge. The battery and the load are permanently connected in parallel across the DC charging source and held at a constant voltage
below the battery's upper voltage limit. Used for emergency power back up systems. Mainly used with lead acid batteries.

Random charging All of the above applications involve controlled charge of the battery, however there are many applications where the
energy to charge the battery is only available, or is delivered, in some random, uncontrolled way. This applies to automotive applications
where the energy depends on the engine speed which is continuously changing. The problem is more acute in EV and HEV applications
which use regenerative braking since this generates large power spikes during braking which the battery must absorb. More benign
applications are in solar panel installations which can only be charged when the sun is shining. These all require special techniques to limit the

charging current or voltage to levels which the battery can tolerate.

Charging Rates

Batteries can be charged at different rates depending on the requirement. Typical rates are shown below:
. Slow Charge = Overnight or 14-16 hours charging at 0.1C rate
. Quick Charge = 3 to 6 Hours charging at 0.3C rate
. Fast Charge = Less than 1 hour charging at 1.0C rate
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Slow charging

Slow charging can be carried out in relatively simple chargers and should not result in the battery overheating. When charging is complete
batteries should be removed from the charger.

. Nicads are generally the most robust type with respect to overcharging and can be left on trickle charge for very long periods since their
recombination process tends to keep the voltage down to a safe level. The constant recombination keeps internal cell pressure high, so the
seals gradually leak. It also keeps the cell temperature above ambient, and higher temperatures shorten life. So life is still better if you take it
off the charger.

. Lead acid batteries are slightly less robust but can tolerate a short duration trickle charge. Flooded batteries tend to use up their water, and
SLAs tend to die early from grid corrosion. Lead-acids should either be left sitting, or float-charged (held at a constant voltage well below the
gassing point).

. NiMH cells on the other hand will be damaged by prolonged trickle charge.

. Lithium ion cells however can not tolerate overcharging or overvoltage and the charge should be terminated immediately when the upper

voltage limit is reached.

Fast / Quick Charging

As the charging rate increases, so do the dangers of overcharging or overheating the battery. Preventing the battery from overheating and
terminating the charge when the battery reaches full charge become much more critical. Each cell chemistry has its own characteristic charging
curve and battery chargers must be designed to detect the end of charge conditions for the specific chemistry involved. In addition, some form of

Temperature Cut Off (TCO) or Thermal Fuse must be incorporated to prevent the battery from overheating during the charging process.

Fast charging and quick charging require more complex chargers. Since these chargers must be designed for specific cell chemistries, it is not
normally possible to charge one cell type in a charger that was designed for another cell chemistry and damage is likely to occur. Universal

chargers, able to charge all cell types, must have sensing devices to identify the cell type and apply the appropriate charging profile.

Note that for automotive batteries the charging time may be limited by the available power rather than the battery characteristics. Domestic 13
Amp ring main circuits can only deliver 3KW. Thus, assuming no efficiency loss in the charger, a ten hour charge will at maximum put 30 KWh of
energy into the battery. Enough for about 100 miles. Compare this with filling a car with petrol.

It takes about 3 minutes to put 90 KWh of energy into the tank, sufficient to take the car 300 miles. To put 90 KWh into a battery in 3 minutes would

be equivalent to a charging rate of 1.8 MegaWatts!!

Charge Termination Methods

The following chart summarises the charge termination methods for popular batteries. These are explained in the section below.
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Charge Termination Methods
SLA Nicad NiMH Li-lon
Slow Charge Trickle OK Tolerates Trickle Timer Voltage Limit
Fast Charge 1 Imin NDV dT/dt Imin at Voltage Limit
Fast Charge 2 Delta TCO dT/dt dv/dt=0
Back up Termination 1 Timer TCO TCO TCO
Back up Termination 2 DeltaTCO Timer Timer Timer

TCO = Temperature Cut Off
Delta TCO = Temperature rise above ambient

| min = Minimum current

Charge Control Methods

Many different charging and termination schemes have been developed for different chemistries and different applications. The most common

ones are summarised below.

Controlled charging
Regular (slow) charge
. Semi constant current Simple and economical. Most popular. Low current therefore does not generate heat but is slow, 5 to 15 hours typical.
Charge rate 0.1C. Suitable for Nicads
. Timer controlled charge system Simple and economical. More reliable than semi-constant current. Uses IC timer. Charges at 0.2C rate for a
predetermined period followed by trickle charge of 0.05C. Avoid constantly restarting timer by taking the battery in and out of the charger since
this will compromise its effectiveness. The incorporation of an absolute temperature cut-off is recommended. Suitable for Nicad and NiMH

batteries.

Fast charge (1 to 2 hours)
. Negative delta V (NDV) Cut-off charge system

This is the most popular method for rapid charging for Nicads.
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NiCad & NiMH Charging Characteristics
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Batteries are charged at constant current of between 0.5 and 1.0 C rate. The battery voltage rises as charging progresses to a peak when fully

charged then subsequently falls. This voltage drop, -delta V, is due to polarisation or oxygen build up inside the cell which starts to occur once
the cell is fully charged. At this point the cell enters the overcharge danger zone and the temperature begins to rise rapidly since the chemical
changes are complete and the excess electrical energy is converted into heat. The voltage drop occurs regardless of the discharge level or
ambient temperature and it can therefore be detected and used to identify the peak and hence to cut off the charger when the battery has
reached its full charge or switch to trickle charge.

This method is not suitable for charging currents less than 0.5 C since delta VV becomes difficult to detect. False delta V can occur at the start
of the charge with excessively discharged cells. This is overcome by using a timer to delay the detection of delta V sufficiently to avoid the
problem. Lead acid batteries do not demonstrate a voltage drop on charge completion hence this charging method is not suitable for SLA

batteries.

. dT/dt Charge system NiMH batteries do not demonstrate such a pronounced NDV voltage drop when they reach the end of the charging
cycle as can be seen in the graph above and so the NDV cut off method is not reliable for ending the NiMH charge. Instead the charger
senses the rate of increase of the cell temperature per unit time. When a predetermined rate is reached the rapid charge is stopped and the
charge method is switched to trickle charge. This method is more expensive but avoids overcharge and gives longer life. Because extended

trickle charging can damage a NiMH battery, the use of a timer to regulate the total charging time is recommended.

. Constant-current Constant-voltage controlled charge system. Used for charging Lithium batteries which are vulnerable to damage if the
upper voltage limit is exceeded. Special precautions are needed to ensure the battery is fully charged while at the same time avoiding

overcharging. For this reason it is recommended that the charging method switches to constant voltage before the cell voltage reaches its
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upper limit.

Lithium lon Charging Characteristics
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The charge voltage rises rapidly to the cell upper voltage limit and is subsequently maintained at that level. As the charge approaches
completion the current decreases to a trickle charge. Cut off occurs when a predetermined minimum current point, which indicates a full

charge, has been reached. Used for Lithium and SLA batteries. See also Lithium Batteries - Charging and Battery Manufacturing - Formation.

Note: When Fast Charging rates are specified, they usually refer to the constant current period. Depending on the cell chemistry this period
could be between 60% and 80% of the time to full charge. These rates should not be extrapolated to estimate the time to fully charge the
battery because the charging rate tails off quickly during the constant voltage period.

Voltage controlled charge system. Fast charging at rates between 0.5 and 1.0 C rate. The charger switched off or switched to trickle charge
when predetermined voltage has been reached. Should be combined with temperature sensors in the battery to avoid overcharge or thermal
runaway.

V- Taper controlled charge system Similar to Voltage controlled system. Once a predetermined voltage has been reached the rapid charge
current is progressively reduced by reducing the supply voltage then switched to trickle charge. Suitable for SLA batteries it allows higher
charge level to be reached safely. (See also taper current below)

Failsafe timer

Limits the amount of charge current that can flow to double the cell capacity. For example for a 600mAh cell, limit the charge to a maximum of
1,200mAH. Last resort if cut off not achieved by other means.

Intelligent Charging System

Intelligent charging systems integrate the control systems within the charger with the electronics within the battery to allow much finer control
over the charging process. The benefits are faster and safer charging and battery longer cycle life. Such a system is described in the section

on Battery Management Systems.

Note
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Most chargers provided with consumer electronics devices such as mobile phones and laptop computers simply provide a fixed voltage source.
The required voltage and current profile for charging the battery is provided (or should be provided) from electronic circuits, either within the device
itself or within the battery pack, rather than by the charger. This allows flexibility in the choice of chargers and also serves to protect the device

from potential damage from the use of inappropriate chargers.

Voltage Sensing

During charging, for simplicity, the battery voltage is usually measured across the charger leads. However for high current chargers, there can be a
significant voltage drop along the charger leads, resulting in an underestimate of the true battery voltage and consequent undercharging of the
battery if the battery voltage is used as the cut-off trigger. The solution is to measure the voltage using a separate pair of wires connected directly
across the battery terminals. Since the voltmeter has a high internal impedance there will be minimal voltage drop in the voltmeter leads and the

reading will be more accurate. This method is called a Kelvin Connection. See also DC Testing.

Charger Types
Chargers normally incorporate some form of voltage regulation to control the charging voltage applied to the battery. The choice of charger circuit
technology is usually a price - performance trade off. Some examples follow:

. Switch Mode Regulator (Switcher) - Uses pulse width modulation to control the voltage. Low power dissipation over wide variations in input
and battery voltage. More efficient than linear regulators but more complex.

Needs a large passive output filter to smooth the pulsed waveform. Component size can be reduced by using higher switching frequency.
Switching heavy currents gives rise to EMI and electrical noise.

. Series Regulator (Linear) - Less complex but more lossy - requiring a heat sink to dissipate the heat in the series, voltage dropping transistor
which takes up the difference between the supply and the output voltage. All the load current passes through the regulating transistor which
consequently must be a high power device. Because there is no switching, it delivers pure DC and doesn't need an output filter. For the same
reason, the design doesn't suffer from the problem of radiated and conducted emissions and electrical noise. This makes it suitable for low
noise wireless and radio applications.

With fewer components they are also smaller.

. Shunt Regulator - Shunt regulators are common in photovoltaic (PV) systems since they are relatively cheap to build and simple to design.
The charging current is controlled by a switch or transistor connected in parallel with the photovoltaic panel and the storage battery.
Overcharging of the battery is prevented by shorting (shunting) the PV output through the transistor when the voltage reaches a
predetermined limit. If the battery voltage exceeds the PV supply voltage the shunt will also protect the PV panel from damage due to reverse
voltage by discharging the battery through the shunt. Series regulators usually have better control and charge characteristics.

. Buck Regulator A switching regulator which incorporates a step down DC-DC converter. They have high efficiency and low heat losses. They

can handle high output currents and generate less RF interference than a conventional switch mode regulator. A simple transformerless
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design with low switch stress and a small output filter.

Pulsed Charger. Uses a series transistor which can also be switched. With low battery voltages the transistor remains on and conducts the
source current directly to the battery. As the battery voltage approaches the desired regulation voltage the series transistor pulses the input
current to maintain the desired voltage. Because it acts as a switch mode supply for part of the cycle it dissipates less heat and because it
acts as a linear supply part of the time the output filters can be smaller. Pulsing allows the battery time to stabilise (recover) with low
increments of charge at progressively high charge levels during charging. During rest periods the polarisation of the cell is lowered. This
process permits faster charging than possible with one prolonged high level charge which could damage the battery since it does not permit
gradual stabilisation of the active chemicals during charging. Pulse chargers usually need current limiting on the input source for safety
reasons, adding to the cost.

Inductive charging

Inductive charging does not refer to the charging process of the battery itself. It refers to the design of the charger. Essentially the input side of
charger, the part connected to the AC mains power, is constructed from a transformer which is split into two parts. The primary winding of the
transformer is housed in a unit connected to the AC mains supply, while the secondary winding of the transformer is housed in the same
sealed unit which contains the battery, along with the rest of the conventional charger electronics. This allows the battery to be charged

without a physical connection to the mains and without exposing any contacts which could cause an electric shock to the user.

A low power example is the electric toothbrush. The toothbrush and the charging base form the two-part transformer, with the primary
induction coil contained in the base and the secondary induction coil and the electronics contained in the toothbrush. When the toothbrush is
placed into the base, the complete transformer is created and the induced current in the secondary coil charges the battery. In use, the
appliance is completely separated from the mains power and since the battery unit is contained in a sealed compartment the toothbrush can

be safely immersed in water.

The technique is also used to charge medical battery implants.

A high power example is a charging system used for EVs. Similar to the toothbrush in concept but on a larger scale, it is also a non-contact
system. An induction coil in the electric vehicle picks up current from an induction coil in the floor of the garage and charges the vehicle
overnight. To optimise system efficiency, the air gap between the static coil and the pickup coil can be reduced by lowering the pickup coil
during charging and the vehicle must be precisely placed over the charging unit.

A similar system has been used for electric buses which pick up current from induction coils embedded beneath each bus stop thus enabling
the range of the bus to be extended or conversely, smaller batteries can be specified for the same itinerary. One other advantage of this
system is that if the battery charge is constantly topped up, the depth of discharge can be minimised and this leads to a longer cycle life. As

shown in the section on Battery Life, the cycle life increases exponentially as the depth of discharge is reduced.
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Charger Power Sources
When specifying a charger it is also necessary to specify the source from which the charger derives its power, its availability and its voltage and
power range. Efficiency losses in the charger should also be taken into account, particularly for high power chargers where the magnitude of the

losses can be significant. Some examples are given below.

Controlled Charging
Easy to accommodate and manage.
. AC Mains
Many portable low power chargers for small electrical appliances such as computers and mobile phones are required to operate in
international markets. They therefore have auto sensing of the mains voltage and in special cases the mains frequency with automatic
switching to the appropriate input circuit.
Higher power applications may need special arrangements. Single phase mains power is typically limited to about 3 KW. Three phase power
may be required for charging high capacity batteries (over 20 KWh capacity) such as those used in electric vehicles which may require
charging rates of greater than 3 KW to achieve reasonable charging times.
. Regulated DC Battery Supply
May be provided by special purpose installations such as mobile generating equipment for custom applications.
. Special Chargers

Portable sources such as solar panels.

Opportunity Charging
Opportunity charging is charging the battery whenever power is available or between partial discharges rather than waiting for the battery to be
completely discharged. It is used with batteries in cycle service, and in applications when energy is available only intermittently.
It can be subject to wide variations in energy availability and wide variations in power levels. Special control electronics are needed to protect the
battery from overvoltage. By avoiding complete discharge of the battery, cycle life can be increased.
Availability affects the battery specification as well as the charger.
Typical applications are:-
. Onboard vehicle chargers (Alternators, Regenerative braking)
. Inductive chargers (on vehicle route stopping points)
. Solar power

. Wind power
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Mechanical charging
This is only applicable to specific cell chemistries. It is nor a charger technology in the normal sense of the word. Mechanical charging is used in

some high power batteries such as Flow Batteries and Zinc Air batteries. Zinc air batteries are recharged by replacing the zinc electrodes. Flow

batteries can be recharged by replacing the electrolyte.

Mechanical charging can be carried out in minutes. This is much quicker than the the long charging time associated with the conventional
reversible cell electrochemistry which could take several hours. Zinc air batteries have therefore been used to power electric buses to overcome

the problem of excessive charging times.

Charger Performance
The battery type and the application in which it is used set performance requirements which the charger must meet.
. Output Voltage Purity
The charger should deliver a clean regulated voltage output with tight limits on spikes, ripple, noise and radio frequency interference (RFI) all

of which could cause problems for the battery or the circuits in which it is used.

For high power applications, the charging performance may be limited by the design of the charger.

. Efficiency
When charging high power batteries, the energy loss in the charger can add significantly to the charging times and to the operating costs of
the application. Typical charger efficiencies are around 90%, hence the need for efficient designs.

. Inrush Current
When a charger is initially switched on to an empty battery the inrush current could be considerably higher than the maximum specified
charging current. The charger must therefore be dimensioned either to deliver or limit this current pulse.

. Power Factor

This could also be an important consideration for high power chargers.

See also "Charger Checklist"

Get a Quotation for a charger.
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Lithium Battery Failures

F/éle'cl:ropnedin Battery and Energy Technologies

Technologies Lithium Battery Failures
LLow Power Cells

High Power Cells The performance of Lithium lon cells is dependent on both the temperature and the operating voltage. The diagram below shows that, at all times,
Chargers & Charging

the cell operating voltage and temperature must be kept within the limits indicated by the green box. Once outside the box permanent damage to
Battery Management

the cell will be initiated.
Battery Testing
Cell Chemistries Cell Failures
FAQ
Lithium lon Cell Operating Window
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Voltage Effects
. Over-Voltage
If the charging voltage is increased beyond the recommended upper cell voltage, typically 4.2 Volts, excessive current flows giving rise to two
problems.

o Lithium Plating
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With excessive currents the Lithium ions can not be accommodated quickly enough between the intercalation layers of the anode and

Lithium ions accumulate on the surface of the anode where they are deposited as metallic Lithium. This is known as Lithium plating. The
consequence is an irreversible capacity loss and ultimately a short circuit between the electrodes.
Overheating

Excessive current also causes increased Joule heating of the cell, accompanied by an increase in temperature. See next section below.

. Under-voltage / Over-discharge

Rechargeable Lithium cells suffer from under-voltage as well as over-voltage. Allowing the cell voltage to fall below about 2 Volts by over-
discharging or storage for extended periods results in progressive breakdown of the electrode materials.
o Anodes
First the anode copper current collector is dissolved into the electrolyte. This increases the self discharge rate of the cell and can
ultimately cause a short circuit between the electrodes.
o Cathodes
Keeping the cells for prolonged periods at voltages below 2 Volts results in the gradual breakdown of the cathode over many cycles with
the release of Oxygen by the Lithium Cobalt Oxide and Lithium Manganese Oxide cathodes and a consequent permanent capacity loss.

With Lithium Iron Phosphate cells this can happen over a few cycles .

Temperature Effects
Heat is a major battery killer, either excess of it or lack of it, and Lithium secondary cells need careful temperature control.

. Low temperature operation

Chemical reaction rates decrease in line with temperature. (Arrhenius Law) The effect of reducing the operating temperature is to reduce rate
at which the active chemicals in the cell are transformed. This translates to a reduction in the current carrying capacity of the cell both for
charging and discharging. In other words its power handling capacity is reduced. Details of this process are given in the section on Charging
Rates

Futhermore, at low temperatures, the reduced reaction rate (and perhaps contraction of the electrode materials) slows down, and makes
makes more difficult, the insertion of the Lithium ions into the intercallation spaces. As with over-voltage operation, when the electrodes can
not accomodate the current flow, the result is reduced power and anode plating with irreversible capacity loss.

High temperature operation

Operating at high temperatures brings on a different set of problems which can result in the destruction of the cell. In this case, the Arrhenius
effect helps to get higher power out of the cell by increasing the reaction rate, but higher currents give rise to higher I12R heat dissipation and
thus even higher temperatures. This can be the start of positive temperature feedback and unless heat is removed faster than it is generated

the result will be thermal runaway.

. Thermal runaway
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Several stages are involved in the build up to thermal runaway and each one results in progressively more permanenet damage to the cell.

o The first stage is the breakdown of the thin passivating SEI layer on the anode, due to overheating or physical penetration. The initial
overheating may be caused by excessive currents, overcharging or high external ambient temperature.The breakdown of the SEI layer
starts at the relatively low temperature of 80°C and once this layer is breached the electrolyte reacts with the carbon anode just as it did
during the formation process but at a higher, uncontrolled, temperature. This is an exothermal reaction which drives the temperature up
still further.

(Lithium Titanate anodes do not depend on an SEI layer and hence can be used at higher rates.)

o As the temperature builds up, heat from anode reaction causes the breakdown of the organic solvents used in the electrolyte releasing
flammable hydrocarbon gases (Ethane, Methane and others) but no Oxygen. This typically starts at 110 °C but with some electrolytes it
can be as as low as 70°C. The gas generation due to the breakdown of the electrolyte causes pressure to build up inside the cell.
Although the temperature increases to beyond the flashpoint of the gases released by the electrolyte the gases do not burn because
there is no free Oxygen in the cell to sustain a fire.

The cells are normally fitted with a safety vent which allows the controlled release of the gases to relieve the internal pressure in the cell
avoiding the possibility of an uncontrolled rupture of the cell - otherwise known as an explosion or more euphemistically "rapid
disassembly" of the cell. Once the hot gases are released to the atmosphere they can of course burn in the air.

o Ataround 135 °C the polymer separator melts, allowing the short circuits between the electrodes.

Eventually heat from the electrolyte breakdown causes breakdown of the metal oxide cathode material releasing Oxygen which enables
burning of both the electrolyte and the gases inside the cell.

The breakdown of the cathode is also highly exothermic sending the temperature and pressure even higher. The cathode breakdown
starts at around 200 °C for Lithium Cobalt Oxide cells but at higher temperatures for other cathode chemistries.

By this time the pressure is also extremely high and it's time to run for the door.

See methods used to avoid these problems in the section on Cell Protection

Alternative Lithium cathode chemistries

Lithium Cobalt Oxide was the first material used for the cathodes in Lithium secondary cells but safety concerns were raised for two reasons. The
onset of chemical breakdown is at a relatively low temperature and when the cathode breaks down, prodigious amounts of energy are released.
For that reason alternative cathode materials have been developed. The diagram below shows the breakdown characteristics of several alternative

cathode materials.
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The graph above shows that Lithium Iron Phosphate cathodes do not break down with the release of oxygen until much higher temperatures and
when they do, much less energy is released. The reason is that the Oxygen molecules in the Phosphate material have a much stronger valence
bond to the Phosphorus and this is more difficult to break. The other cathode chemistries are based on Lithium metal oxides which have much

weaker valence bonds binding the Oxygen to the metal and these are more easily broken to release the Oxygen.

Cycle Life

The effects of voltage and temperature on cell failures tend to be immdiately apparent, but their effect on cycle life is less obvious. We have seen
above that excusions outside of the recommended operating window can cause irreversible capacity loss in the cells. The cumulative effect of
these digressions is like having a progessively debilitating disease which affects the life time of the cell or in the worst case causes sudden death if

you overstep the mark..
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The graph above shows that starting at about 15 °C cycle life will be progressively reduced by working at lower temperatures. Operating slightly
above 50 °C also reduces cycle life but by 70 °C the threat is thermal runaway. The battery thermal management system must be designed keep

the cell operating within its sweet spot at all times to avoid premature wear out of the cells.

Beware: the cycle life quoted in manufacturers' specification sheets normally assumes operating at room temperature. This would be totally

unrealistic for automotive applications. Graphs like the one above are seldom provided by cell manufacturers.

Battery Management System (BMS)

One of the main functions of the BMS is to keep the cells operating within their designed operating window (the green box above). This is not too
difficult to achieve using safety devices and thermal management systems. As an additional safety factor some manufacturers set their operating
limits to more restricted levels indicated by the dotted lines.

There is however very little te BMS can do to protect aginst an internal short circuit. The only prevention action that can be taken is strict process

control of all the cell manufacturing operations.

Lithium Charged but Not Guilty?
The cause of many fires has been attributed to Lithium batteries and there is a fear of Lithium because of its well known vigorous reaction with

water. Under normal circumstances, most (but not all) batteries do not contain any free Lithium. The Lithium content is combined into other
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compounds which do not react with water. The amount of Lithium deposited during the Lithium plating when cells are damaged as described
above is very small and not usually responsible for the fires which have occurred. Furthermore, many of the reported fires are due to burning
electrolyte rather than the Lithium compounds.

The guilty party

Although investigation has shown that some Lithium fires are due to internal short circuits as described above, many, if not most fires are caused
by abuse by the user. This may be "deliberate or negligent" abuse such as overcharging or operating in a high temperature environment or
physical damage due to mishandling, but quite often it is unconscious abuse. Surprisingly many of the most serious fires have been initiated by

inadvertent short circuits caused by careless disposal of cells in the rubbish. While strict regulations for transporting Lithium batteries by air have

been implemeted, the sources of several aircraft / transport fires have been identified as spare laptop batteries being carried in passenger luggage
shorting against other items packed with them.
Note: Large batteries such as those used in automotive applications usually incorporate short circuit protection, but smaller laptop batteries do not

usually have this facility.

See also more general Battery Failure Modes
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Cell Protection

The purpose of cell protection is to provide the necessary monitoring and control to protect the cells from out of tolerance ambient or operating

conditions and to protect the user from the consequences of battery failures. Cell protection can be external to the battery and this is one of the of

the prime functions of the Battery Management System.

Safety measures can also be built into the cells themselves and examples are outlined in the section on Battery Safety.

High power cells can be particularly dangerous. They contain large amounts of energy which, if released in an uncontrolled way through a short

circuit or physical damage, can have catastrophic consequences. In the case of short circuits, currents of hundreds of amps can build up in

microseconds and protection circuits must be very fast acting to prevent this.

Different applications and different cell chemistries require different degrees of protection. Lithium batteries in particular need special protection

and control circuits to keep them within their predefined voltage, current and temperature operating limits. Furthermore, the consequences of

failure of a Lithium cell could be quite serious, possibly resulting in an explosion or fire. Cell protection is therefore indispensable in Lithium

batteries. The following discussion illustrates some of the principles involved.

In general cell protection should address the following undesirable events or conditions:

Excessive current during charging or discharging.

Short circuit

Over voltage - Overcharging

Under voltage - Exceeding preset depth of discharge (DOD) limits
High ambient temperature

Overheating - Exceeding the cell temperature limit

Pressure build up inside the cell

System isolation in case of an accident

Abuse
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Battery Protection Methods

The two diagrams below illustrate how safety devices are specified to protect the cells from out of tolerance conditions by constraining the cells to

a safe working zone.

The red areas are specified by the cell manufacturers as "No go" areas where cells will most likely be subject to permanent damage. Theoretically
the cell could work in any of the remaining operating space, however this allows no margin of error and in practice protection devices limit the cells

operating conditions to a smaller "safe" operating zone shown here in green. The white area between the safe zone and the failure zone

represents the design safety margin.

The diagrams also illustrate how the multiple levels of protection function to ensure safe operating conditions at all times even if one of the devices

fails.
Current Protection

Failure Zone

Cell

Temperature

Operating Safety Margin
Zone ]

Cell Current

The above diagram shows three protection schemes providing two levels of protection from both over-current and over temperature. If one fails the

other one is there as a safety net.

Thermal Fuse

Excessive temperatures will cause all cells to fail eventually. Most protection circuits therefore incorporate a thermal fuse which will permanently

shut down the battery if its temperature exceeds a predetermined limit.

Thermistor (Not shown in the diagram)
Thermistors are circuit devices whose resistance varies with temperature. PTC thermistors have a Positive Temperature Coefficient in that their

resistance increases gradually with temperature and over a limited range the resistance can be considered linearly proportional to temperature.
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Similarly NTC thermistors have a Negative Temperature Coefficient and their resistance decreases as temperature increases. These components
are used extensively in monitoring and protection circuits to provide a voltage analogue of temperature or in control circuits designed to provide
temperature compensation. They may be used to terminate the charge (dt/dT) or to disconnect the battery from the charger in an over-temperature
condition when the temperature cut off point is reached, or they could be used to turn on cooling fans.

In some applications the thermistor may be the only means of communication between the battery and the external world.

Thermistors can also be used by the charger to determine starting environmental conditions and prevent charging if the battery temperature is too

low or too high.

Resettable Fuse

A resettable fuse indicated in the diagram above provides on-battery over-current protection. It has a similar function to a thermal fuse but after
opening it will reset once the fault conditions have been removed and after it has cooled down again to its normal state. It requires no manual
resetting or replacement and so is very convenient for the user who may not even be aware of its operation.

The fuse is triggered when a particular temperature is reached. The temperature rise can be caused by the resistive self heating of the thermistor
due to the current passing through it, or by conduction or convection from the ambient environment. Thus it can be used to protect against both

over- current and over-temperature.

Also called a PPTC (Polymeric Positive Temperature Coefficient) device, the resettable fuse is a non-linear PTC thermistor based on a thin
composite of semi crystalline polymer and conductive particles. Under normal operating conditions, the conductive particles provide a low
resistance path allowing current to flow. Under fault conditions that cause excessive temperature, such as excessive current flow or an excessively
high ambient temperature, the crystallites in the polymer undergo an abrupt phase change within a very narrow temperature range melting and
becoming amorphous causing separation of the particles resulting in a large, non-linear increase in resistance.

The sharp increase in resistance is typically three orders of magnitude or more, reducing the current to a relatively low and safe level. It will hold in
this high resistance state until the fault conditions are removed. On cooling the phase change is reversed and the PPTC resets to low resistance

state (within certain post trip limits).
Devices have a de-rating at elevated temperatures which means that they will trip at a lower current if the temperature is higher. Environmental
and electrical details of application must be full understood when designing in resettable fuse protection.

These devices are easily integrated into battery design by welding across cell terminals or placing on circuit board.

The "Polyswitch" is an example of such a device. (Polyswitch™ is a trademark of Raychem corp.)
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Fuses

Conventional fuses may be used to protect the battery from an overload, but in many situations they may not act quickly enough. This is
particularly true if the battery is short circuited. Since the battery has a very low internal impedance, very high instantaneous currents can flow
which can seriously damage the battery. Fuses however are very slow to operate in fault conditions and may not act quickly enough if the battery
is short circuited.

Fast acting over current and overvoltage protection which can isolate the battery are usually provided by electronic means.

Electronic Protection

Over-current protection is normally provided by a current sensing device which detects when the upper current limit of the battery has been
reached and interrupts the circuit. Since current is difficult to measure the usual method of current sensing is by measuring the voltage across a
low ohmic value, high precision, series, sense resistor in the current path. When the specified current limit has been reached the sensing circuit will
trigger a switch which will break the current path. The switch may be a semiconductor device or even a relay. Relays are inexpensive, they can
switch very high currents and provide very good isolation in case of a fault but they are very slow to operate. FET switches are normally used to

provide fast acting protection but they are limited in their current carrying capability and very costly for high power applications.

Once the fault conditions have been removed, the circuit would normally be reconnected automatically, however there are particular circumstances

when the circuit would be latched open. This could be to protect an unsuspecting service engineer investigating why a high voltage battery had

tripped out.
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The above diagram shows a scheme for over and under-voltage, as well as temperature protection. In this case it also shows interaction with the

charger. Batteries can be damaged both by over-voltage which can occur during charging and by under-voltage due to excessive discharging. This
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scheme allows voltage limits to be set for both charging and discharging. Batteries can be particularly vulnerable to overcharging. (See the section
on Charging ). By providing the charger with inputs from voltage and temperature sensors in the battery, the charger can be cut off when the
battery reaches predetermined control limits. The diagram above only shows a single voltage cut off from the charger, however multiple protection

circuits can be implemented to provide a comprehensive protection scheme involving the charger as well as the protection built into the battery.

It should be noted that each protection device added into the main current path will increase the effective internal impedance of the battery, as

much as doubling it in the case of single cell batteries. This adversely affects the battery's capability of delivering peak power.

Intelligent Batteries

When the charging system involves communications between the battery and the charger it is called an Intelligent Charging System. An example
of an Intelligent Battery is provided in the section on Battery Management Systems. An industry standard for specifying the communications link
has been defined. This is the SMBus and this is supported by chip sets which have been developed to facilitate this protocol. Although the SMBus

is convenient, many manufacturers still prefer to use proprietary solutions.

Monitoring
As well as sending signals to the charger the intelligent battery can turn on warning lights or send signals about the battery condition to the user.

Monitoring is an essential component of Battery Management Systems.

Venting

With many cell chemistries the electrochemical process can give rise to the generation of gases, particularly during conditions of over charge. This
is called gassing. If the gases are allowed to escape the active mass of chemicals in the cell will be diminished, permanently reducing its capacity
and its cycle life. Furthermore the release of chemicals into the atmosphere could be dangerous. Manufacturers have therefore developed sealed
cells to prevent this happening. Sealing the cells however gives rise to a different problem. If gassing does occur, pressure within the cell will build
up, this will usually be accompanied by a rise in temperature which will make matters worse, until the cell ruptures or explodes. To overcome this
second problem sealed cells will normally incorporate some form of vent to release the pressure in a controlled way if it becomes excessive. This is

the last line of defence for an abused cell if all the other protection measures fail. Cells are not meant to vent under normal operating conditions.

Circuit Interrupt Device (CID)
For smaller cells an alternative method of dealing with excess pressure is available. This is a small mechanical switch which interrupts the current
path through the cell if the internal pressure exceeds a predetermined level. This method is not siutable for high power cells because of the

difficulty of incorporating switches which can break the high currents typically causing over-pressure in the cell.
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Unfortunately there is no easy way of monitoring the internal pressure of standard cells to facilitate the implementation of simple pressure control
mechanisms particularly for high current applications and the product designer is dependent on the efficacy of the safety vent and the use of

systems based on temperature monitoring to provide protection from excessive pressure build up within the cells.

See also Pressure Effects.

There is the possibility of explosion if a sealed cell is encased in such a way that it cannot vent. The vents are often tiny and usually go unnoticed.

Standard battery holders won't block the vents, but encapsulating the battery in epoxy resin to make a solid power module certainly will.

Multi-cell applications

In multi-cell applications each cell should have its own over-voltage detection device. Several temperature sensors will also be required since the
pack may not have a uniform temperature across all the cells. Series connected cell chains would normally require only a single current monitoring
and protection device unless provision is made for charging or bypassing individual cells. In such cases each cell will also require its own current
monitor. Such complication is unfortunately necessary in high voltage packs containing long series cell strings. This is because individual cells may

become overstressed and cause the premature failure of the whole battery. Why this arises, and how to avoid it, is discussed in the section on Cell

Balancing.

System Isolation

While the battery can detect and initiate protective actions for events within the battery system, there are some applications which require the
battery to respond to external events. This could be an out of tolerance condition such as a high temperature in some other part of the application
which requires the power to be shut off. In the case of an automobile accident for instance, an inertia switch should isolate the battery. In these
situations the battery needs to incorporate a switch in the main current path which can be triggered by an external signal. This does not necessarily
need to be a separate switch since it could be possible to design the battery's over current protection circuit to accept a trigger from an external

source.

Capacitive and Inductive Loads

Capacitive and inductive loads may be subject to large current surges as the load charges up. These surges can be sufficient to trip the current
protection circuits but may not be of long enough duration to damage the battery. If the application does not allow the current surge to be designed
out, then the protection circuit should incorporate a timer or some other device to delay or disable the current cut-off during expected short duration

current pulses.

Current Drain
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The object of protection is to maximise the life of the battery. Electronic protection circuits themselves draw current from the battery, reducing the

effective capacity of the battery to supply the desired load. Low quiescent current is therefore an essential requirement for protection circuits.

Procedures and Discipline
No amount of electronics will protect a cell from bad management practices.
. We know that elevated temperatures are bad for batteries. We should therefore ensure that cells are stored in a cool environment.
. We know that shorting the terminals can be dangerous. We should ensure that handling and packing methods prevent this from happening.
. We know batteries have a finite life. We should make sure the stores works on a FIFO basis.
. Cell manufacturers set operating limits and conditions for their cells. We should ensure that these recommendations are respected during all

stages of the procurement, manufacturing and shipping processes.

Protection During Manufacturing

Safe handling procedures for batteries in general are given in the section on User Safety Instructions.

In addition, any electronic circuitry included within the battery pack may be susceptible to damage from electrostatic discharges (ESD) caused by
mishandling during the production process. Static electricity may build up on the human body due to contact or friction with insulators and other
synthetic materials such as plastics and styrofoam cups, plastic bags and clothing. Its effect is particularly strong in a dry atmosphere. If the
charged person then touches an object at a lower potential or ground/earth potential such as circuit boards or components, the charge will be
dissipated through that path. This charge is sufficient to damage transistors and integrated circuits. Even if the static sensitive devices are not
handled directly they can be damaged by touching the pins or connectors on the printed circuit board.

Standard precautions to avoid electrostatic damage include, the prohibition of casual handling of items on the production line (by visitors or
managers), the wearing of grounding straps by anyone touching components or printed circuit boards, conductive flooring, conductive packaging,

the labeling of static sensitive components and the avoidance of static prone materials near the production line.

See also Battery Safety
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Battery Management and Monitoring Systems BMS

| Glectropnedin Battery and Energy Technologies

Technologies Battery Management Systems (BMS)
Low Power Cells

High Power Cells BMS means different things to different people. To some it is simply Battery Monitoring, keeping a check on the key operational parameters during
Chargers & Charging

charging and discharging such as voltages and currents and the battery internal and ambient temperature. The monitoring circuits would normally
Battery Management

provide inputs to protection devices which would generate alarms or disconnect the battery from the load or charger should any of the parameters
Battery Testin become out of limits.

Cell Chemistries

FAQ

For the power or plant engineer responsible for standby power who's battery is the last line of defence against a power blackout or a

telecommunications network outage BMS means Battery Management Systems. Such systems encompass not only the monitoring and protection
Free Report

of the battery but also methods for keeping it ready to deliver full power when called upon and methods for prolonging its life. This includes

Buying Batteries in everything from controlling the charging regime to planned maintenance.

Q
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For the automotive engineer the Battery Management System is a component of a much more complex fast acting Energy Management System

Choosing a Battery and must interface with other on board systems such as engine management, climate controls, communications and safety systems.

How to Specif There are thus many varieties of BMS.

Batteries

BMS Building Blocks

There are three main objectives common to all Battery Management Systems

. Protect the cells or the battery from damage

. Prolong the life of the battery

. Maintain the battery in a state in which it can fulfil the functional requirements of the application for which it was specified.

this page To achieve these objectives the BMS may incorporate one or more of the following functions. (Follow the links to see how these functions are

implemented.)

. Cell Protection Protecting the battery from out of tolerance operating conditions is fundamental to all BMS applications. In practice the BMS
must provide full cell protection to cover almost any eventuality. Operating a battery outside of its specified design limits will inevitably lead to
failure of the battery. Apart from the inconvenience, the cost of replacing the battery can be prohibitive. This is particularly true for high voltage
and high power automotive batteries which must operate in hostile environments and which at the same time are subject to abuse by the user.

. Charge control This is an essential feature of BMS. More batteries are damaged by inappropriate charging than by any other cause.

. Demand Management While not directly related to the operation of the battery itself, demand management refers to the application in which

the battery is used. Its objective is to minimise the current drain on the battery by designing power saving techniques into the applications
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circuitry and thus prolong the time between battery charges.

SOC Determination Many applications require a knowledge of the State of Charge (SOC) of the battery or of the individual cells in the battery

chain. This may simply be for providing the user with an indication of the capacity left in the battery, or it could be needed in a control circuit to
ensure optimum control of the charging process.

SOH Determination The State of Health (SOH) is a measure of a battery's capability to deliver its specified output. This is vital for assessing

the readiness of emergency power equipment and is an indicator of whether maintenance actions are needed.

Cell Balancing In multi-cell battery c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>