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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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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

http://www.mpoweruk.com/life.ntm (3 of 13)5/14/09 11:36 AM




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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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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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
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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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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

http://www.mpoweruk.com/life.ntm (11 of 13)5/14/09 11:36 AM




Battery Life and How To Improve It

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

. In agueous 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

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

I%

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

China

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

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

g # 10

Self Discharge Characteristics
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

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

Cell Chemistry
The following shows the typical shelf life for some primary cells:
. Zinc Carbon (Leclanché) 2 to 3 years
. Alkaline 5 years
. Lithium 10 years or more
Typical self discharge rates for common rechargeable cells are as follows:
. Lead Acid 4% to 6% per month
. Nickel Cadmium 15% to 20% per month
. Nickel Metal Hydride 30% per month

. Lithium 2% to 3% per month

Temperature Effects
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

typical self discharge rates for a Lithium lon battery.
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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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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

rates. See "Discharge Rates" below.

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

and permits faster charge and discharge rates.

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

The graph below is a typical example.

b
R n

—_—
i

ntemal Resistance [Ohms)

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

=
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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

end of the discharge cycle.

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.
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The voltage drop and the 12R 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 I2R
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.
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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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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=1" 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
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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

http://mww.mpoweruk.com/performance.htm (10 of 13)5/14/09 11:38 AM




Battery Performance Characteristics - How to specify and test a battery

1000 10 Hrs 1Hr
Fuel Cells

’_’_,f"

100 Lithium
Battery 36 sec
= NiCd
= Lead-Acid Battery
=
= 107 Battery 3.6 sec
‘a‘ /
£ Ultra-
A Double-Layer Capacitors 0.36 sec
Q Capacitors
7
c
L o1 36 msec
Capacitors
0.01 —

10 190 power Density [W.fkg}m““ 10,000

Source LS Defence Logistics Agency

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.

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




Battery Performance Characteristics - How to specify and test a battery

Cycle Life

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

High Power Cells

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

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

Lead acid batteries are generally too big and heavy and they suffer from a shorter cycle life and typical usable power down to only
Cell Chemistries

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

I%

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

China
Lead-acid batteries are composed of a Lead-dioxide cathode, a sponge metallic Lead anode and a Sulphuric acid solution
electrolyte. This heavy metal element makes them toxic and improper disposal can be hazardous to the environment.
How to Specify
The cell voltage is 2 Volts
Batteries

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.

http://www.mpoweruk.com/leadacid.htm (1 of 6)5/14/09 11:38 AM



http://www.mpoweruk.com/index.htm
http://www.woodbank.com/
http://www.bestmag.co.uk/
mailto:?SUBJECT=Interesting%20web%20page%3A%3C%3C%20Lead%20Acid%20Batteries%20%3E%3E&BODY=You%20can%20find%20the%20page%20at%3A%20http%3A//www.mpoweruk.com/leadacid.htm%20in%20the%20MPower%20Battery%20Technology%20Knowledge%20Base.

Lead Acid Batteries

http://www.mpoweruk.com/leadacid.htm (2 of 6)5/14/09 11:38 AM

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




Lead Acid Batteries

http://www.mpoweruk.com/leadacid.htm (4 of 6)5/14/09 11:38 AM

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.

Lead Acid Battery Safety Warning
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Source: BCI (Battery Council International)

History

Cell Chemistry Comparison Chart
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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

. Getting the charge into the battery (Charging)

Free Report . Optimising the charging rate (Stabilising)

I%

Buying Batteries in . Knowing when to stop (Terminating)

China

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

How to Specify

Charge Termination

Batteries

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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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 (1) 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 VV 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
Low 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
Buying Batteries in Thermal Runaway
China 300 Cathode Active Material Breakdown
Choosing a Battery Oxygen Release and Ignition
How to Specify Possible Venting
Batteries 200 Exothermic Breakdown of Electrolyte
3} Release of Flammable Gases
P Pressure and Temperature Increase
5 Separator Melts
E Copper Breakdown of SEI_La‘;er
£ 100 Anaode Temperature Rise
ﬁ Current
Collector Lithium Plating
Dissolves During t_:harging
" Cathode Capacity Loss

Breakdown _ : :
50 Short Circuit Lithium Plating During Charging

0 2 4 6
Cell Voltage (V)

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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Lithium Battery Failures

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 Kkiller, 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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Energy Release (W/g)

Cycle Life
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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.

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




Lithium Battery Failures

Cycle Life and Temperature

Slow drop off below +10 °C due to anode plating

Fast drop off above 60 °C due to chemical breakdown
2000 ) ) )
Actual life will depend on the cell chemistry and
the percentage of time spent at the upper and
lower temperature limits

ldeal working

10 temperature range

Cycle Life (Cycles)

Too wide means lower cycle life
Too|narrow means wasteful thermal management

-40 0 40 80
Cell Operating Temperature (Constant (°C))

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

(=} _Print This Page || [T] Bookmark This Page || Home || FAQ || Site Map || Legal || Privacy Promise || Contacts

Woodbank Communications Ltd, South Crescent Road, Chester, CH4 7AU, (United Kingdom)

Copyright © Woodbank Communications Ltd 2005 /'

http://www.mpoweruk.com/lithium_failures.htm (6 of 6)5/14/09 11:39 AM


javascript:onClick=window.print()
javascript:onClick=window.print()
http://www.mpoweruk.com/index.htm
http://www.mpoweruk.com/site_map.htm
http://www.mpoweruk.com/legal.htm
http://www.mpoweruk.com/privacy.htm
http://www.mpoweruk.com/contacts.htm

Battery Protection Methods

| Glectropnedin Battery and Energy Technologies

Technologies Battery Protection Methods
Low Power Cells

High Power Cells Cell Protection
Chargers & Charging

Battery Management

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

Battery Testin 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

Cell Chemistries the prime functions of the Battery Management System.

Free Report

I%

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

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

Batteries

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

Safe ]
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.

http://mww.mpoweruk.com/protection.htm (2 of 7)5/14/09 11:40 AM




Battery Protection Methods

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 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

I%

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.

China For the automotive engineer the Battery Management System is a component of a much more complex fast acting Energy Management System
and must interface with other on board systems such as engine management, climate controls, communications and safety systems.

How to Specify 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 chains small differences between cells due to production tolerances or operating conditions tend to be
magnified with each charge / discharge cycle. Weaker cells become overstressed during charging causing them to become even weaker, until
they eventually fail causing premature failure of the battery. Cell balancing is a way of compensating for weaker cells by equalising the charge
on all the cells in the chain and thus extending battery life.

History - (Log Book Function) Monitoring and storing the battery's history is another possible function of the BMS. This is needed in order to

estimate the State of Health of the battery, but also to determine whether it has been subject to abuse. Parameters such as number of cycles,
maximum and minimum voltages and temperatures and maximum charging and discharging currents can be recorded for subsequent
evaluation. This can be an important tool in assessing warranty claims.

Authentication and Identification The BMS also allows the possibility to record information about the cell such as the manufacturer's type

designation and the cell chemistry which can facilitate automatic testing and the batch or serial number and the date of manufacture which
enables traceability in case of cell failures.

Communications Most BMS systems incorporate some form of communications between the battery and the charger or test equipment.
Some have links to other systems interfacing with the battery for monitoring its condition or its history. Communications interfaces are also

needed to allow the user access to the battery for modifying the BMS control parameters or for diagnostics and test.

The following examples illustrate three very different applications of BMS in action.

Intelligent Batteries

The life of rechargeable NiCad and Nickel Metal Hydride batteries such as those used in power tools can be extended by the use of an intelligent
charging system which facilitates communications between the battery and the charger. The battery provides information about its specification, its
current condition and its usage history which is used by the charger to determine the optimum charging profile or, by the application in which it is
used, to control its usage.

The prime objective of the charger/battery combination is to permit the incorporation of a wider range of Protection Circuits which prevent
overcharging of, or damage to, the battery and thus extend its life. Charge control can be in either the battery or the charger. The objective of the

application/battery combination is to prevent overloads and to conserve the battery. Similar to the charger combination, discharge control can be in
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either the application or in the battery.

Although some special cells incorporating intelligence have been developed, the intelligence is more likely to be implemented in a battery pack.

The system works as follows:

The Intelligent Battery, or Smart Battery, provides outputs from sensors which give the actual status of voltages, currents and temperatures within

the battery as well as the state of charge. It can also provide alarm functions indicating out of tolerance conditions.

The Intelligent Battery also contains a memory chip which is programmed by the manufacturer with information about the battery specification such
as:-

. Manufacturing data (Name, date, serial number etc)

. Cell chemistry

. Cell capacity

. Mechanical outline code

. Upper and lower voltage limits

. Maximum current limits

. Temperature limits

Once the battery is placed into use, the memory may also record :-
. How many times the battery has been charged and discharged.
. Elapsed time
. The internal impedance of the battery
. The temperature profile to which it has been subjected
. The operation of any forced cooling circuits

. Any instances when limits have been exceeded.

The system also requires devices which may be in either the battery or the charger or both which can interrupt or modify the charging according to

a set of rules. Similarly, battery discharge can be controlled by the battery or demand management circuits in the application.

The Intelligent Battery also needs an Intelligent Charger it can talk to and a language they can speak.

The charger is programmed to respond to inputs from the battery, to optimise the charging profile, charging at the maximum rate until a preset
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temperature is reached, then slowing down or stopping the charge and or switching on a cooling fan so as not to exceed the temperature limit and
thus avoid permanent damage to the battery. If a deterioration in the battery internal impedance indicates that reconditioning is necessary the
charger can also be programmed to reform the battery by subjecting it to several deep charge, discharge cycles. Because the battery contains
information about its specification which can be read by the charger, it is possible to build Universal Chargers which can automatically adapt the

charging profile to a range of battery chemistries and capacities, so long as they comply with an agreed message protocol.

A separate communications channel is needed to facilitate interactions between the battery and the charger. One example used for simple
applications is the System Management Bus ( SMBus) which forms part of the Smart Battery System which is used mainly in low power
applications. Batteries which comply with the SBS standard are called Smart Batteries. Intelligent batteries are however not limited to the SMS
scheme and many manufacturers have implemented their own proprietary schemes which may be simpler or more complex, depending on the

requirements of the application.

A 50% increase in battery life has been claimed by using such techniques.

Automatic Control System

This is an example of an Automatic Control System in which the battery provides information about its actual condition to the charger which

compares the actual condition with the desired condition and generates an error signal which is used to initiate control actions to bring the actual
condition into line with the desired condition. The control signals form part of a Feedback Loop which provides automatic compensation to keep the
battery within its desired operating parameters. It does not require any user intervention. Some form of automatic control system is an essential

part of all BMS

Battery Monitoring
As well as talking to the charger, the Intelligent Battery can also talk to the user or to other systems of which the battery may be a part. The signals

it provides can be used to turn on warning lights or to inform the user about the condition of the battery and how much charge it has left.

Monitoring the battery condition is an essential part of all Battery Management Systems. In the first of the following two examples, the control
actions are manual, - the power plant maintenance engineer fixes any deficiencies. In the second example the battery is part of an Automatic
Control System made up from several interlinked feedback loops controlling the battery itself and its role as part of the overall vehicle energy

management system.

Power Plant BMS

The battery management requirements are quite different for standby and emergency power installations. Batteries may be inactive for
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long periods topped up by a trickle charge from time to time, or as in telecommunications installations they may be kept on float charge
to keep them fully charged at all times. By their nature, such installations must be available for use at all times. An essential
responsibility of managing such installations is to know the status of the battery and whether it can be relied upon to support its load
during an outage. For this it is vital to know the SOH and the SOC of the battery. In the case of lead acid batteries the SOC of
individual cells can be determined by using a hydrometer to measure the specific gravity of the electrolyte in the cells. Traditionally, the
only way of determining the SOH was by discharge testing, that is, by completely discharging the battery and measuring its output.
Such testing is very inconvenient. For a large installation it could take eight hours to discharge the battery and another three days to
recharge it. During this time the installation would be without emergency power unless a back up battery was provided.

The modern way to measure the SOH of a battery is by impedance testing or by conductance testing . It has been found that a cell's

impedance has an inverse correlation with the SOC and the conductance being the reciprocal of the impedance has a direct
correlation with the SOH of the cell. Both of these tests can be carried out without discharging the battery, but better still the monitoring
device can remain in place providing a permanent on line measurement. This allows the plant engineer to have an up to date
assessment of the battery condition so that any deterioration in cell performance can be detected and appropriate maintenance

actions can be planned.

Automotive BMS
Automotive battery management is much more demanding than the previous two examples. It has to interface with a number of other on board
systems, it has to work in real time in rapidly changing charging and discharging conditions
as the vehicle accelerates and brakes, and it has to work in a harsh and uncontrolled environment. This example describes a complex system as

an illustration of what is possible, however not all applications will require all the functions shown here.

The functions of a BMS suitable for a hybrid electric vehicle are as follows:

Monitoring the conditions of individual cells which make up the battery

Maintaining all the cells within their operating limits

Protecting the cells from out of tolerance conditions

Providing a "Fail Safe" mechanism in case of uncontrolled conditions or abuse

Isolating the battery in cases of emergency

Compensating for any imbalances in cell parameters within the battery chain

Setting the battery operating point to allow regenerative braking charges to be absorbed without overcharging the battery.

Providing information on the State of Charge (SOC) of the battery. This function is often referred to as the "Fuel Gauge" or "Gas Gauge "

Providing information on the State of Health (SOH) of the battery. This measurement gives an indication of the condition of a used battery
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relative to a new battery.
. Providing information for driver displays and alarms
. Predicting the range possible with the remaining charge in the battery (Only EVs require this)
. Accepting and implementing control instructions from related vehicle systems
. Providing the optimum charging algorithm for charging the cells
. Providing pre-charging to allow load impedance testing before switch on and two stage charging to limit inrush currents
. Providing means of access for charging individual cells
. Responding to changes in the vehicle operating mode
. Recording battery usage and abuse. (The frequency, magnitude and duration of out of tolerance conditions) Known as the Log Book function

. Emergency "Limp Home Mode" in case of cell failure.

In practical systems the BMS can thus incorporate more vehicle functions than simply managing the battery. It can determine the vehicle's desired

operating mode, whether it is accelerating, braking, idling or stopped, and implement the associated electrical power management actions.

Cell Protection

One of the prime functions of the Battery Management System is to provide the necessary monitoring and control to protect the cells from out of
tolerance ambient or operating conditions. This is of particular importance in automotive applications because of the harsh working environment.
As well as individual cell protection the automotive system must be designed to respond to external fault conditions by isolating the battery as well
as addressing the cause of the fault. For example cooling fans can be turned on if the battery overheats. If the overheating becomes excessive

then the battery can be disconnected.

Protection methods are discussed in detail in the section on Protection.

Battery State of Charge (SOC)

Determining the State of Charge (SOC) of the battery is the second major function of the BMS. The SOC is needed not just for providing the Fuel
Gauge indication. The BMS monitors and calculates the SOC of each individual cell in the battery to check for uniform charge in all of the cells in

order to verify that individual cells do not become overstressed.

The SOC indication is also used to determine the end of the charging and discharging cycles. Over-charging and over-discharging are two of the

prime causes of battery failure and the BMS must maintain the cells within the desired DOD operating limits.

Hybrid vehicle batteries require both high power charge capabilities for regenerative braking and high power discharge capabilities for launch

http://www.mpoweruk.com/bms.htm (6 of 16)5/14/09 11:41 AM




Battery Management and Monitoring Systems BMS

assist or boost. For this reason, their batteries must be maintained at a SOC that can discharge the required power but still have enough
headroom to accept the necessary regenerative power without risking overcharging the cells. To fully charge the HEV battery for cell balancing
(See below) would diminish charge acceptance capability for regenerative braking and hence braking efficiency. The lower limit is set to optimise
fuel economy and also to prevent over discharge which could shorten the life of the battery. Accurate SOC information is therefore needed for

HEVs to keep the battery operating within the required, safe limits.

HEV Battery Operating Range

anna
o

80%

40%

Methods of determining the SOC are described in the section on State of Charge.

The Battery Management System

The diagram below is a conceptual representation of the primary BMS functions. It

shows the three main BMS building blocks, the Battery Monitoring Unit (BMU), the Battery Control Unit (BCU) and the CAN bus vehicle
communications network and how they interface with the rest of the vehicle energy management systems. Other configurations are possible with

distributed BMS embedded in the battery cell to cell interconnections.
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In practice the BMS may also be coupled to other vehicle systems which communicate with the BMS via the CAN bus (see below) such as the

Thermal Management System or to anti theft devices which disable the battery. There may also be requirements for system monitoring and

programming, and data logging using an RS232 serial bus.

Vehicle Energy Management Functions

Engine Battery Management System
ECU —
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Demand _
Battery|| Demand f Safety Wehicle
S0C || Personality Devices Managerment
Power Madel Module & Displays
Train
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Battery Monitoring Unit

The Battery Monitoring Unit is a microprocessor based unit incorporating three functions or sub-modules. These sub-modules are not necessarily

separate physical units but are shown separately here for clarity.

Battery Model

The Battery Model characterises in a software algorithm, the behaviour of the battery in response to various external and internal conditions. The

model can then use these inputs to estimate the status of the battery at any instant in time.

An essential function of the battery model is to calculate the SOC of the battery for the functions noted above.

The SOC is determined essentially by integrating the current flow over time, modified to take account of the many factors which affect the
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performance of the cells, then subtracting the result from the known capacity of the fully charged battery. This is described in detail in the section

on SOC.

The battery model can be used to log past history for maintenance purposes or to predict how many miles the vehicle may run before the battery
needs recharging. The remaining range, based on recent driving or usage patterns, is calculated from the current SOC and the energy consumed
and the miles covered since the previous charge (or alternatively from a previous long term average). The distance travelled is derived from data
provided by other sensors on the CAN bus (see below).

The accuracy of the range calculation is more important for EVs whose only source of power is the battery. HEVs and bicycles have an alternative

"Get you home" source of power should the battery become completely discharged.

The problem of losing all power when a single cell fails can be mitigated at the cost of adding four more expensive contactors which effectively split
the battery into two separate units. If a cell should fail, the contactors can isolate and bypass the half of the battery containing the failed cell

allowing the vehicle to limp home at half power using the other (good) half of the battery.

Outputs from the model are sent to the vehicle displays also using the CAN bus.

Multiplexing

To reduce costs, instead of monitoring each cell in parallel, the Battery Monitoring Unit incorporates a multiplexing architecture which switches the
voltage from each cell (input pairs) in turn to a single analogue or digital output line (see below). Cost savings can be realized by reducing the
number of analogue control and/or digital sampling circuits and hence the component count to a minimum. The drawbacks are that only one cell
voltage can be monitored at a time. A high speed switching mechanism is required to switch the output line to each cell so that all cells can be

monitored sequentially.
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Multiplexing to reduce component count

The BMU also provides the inputs for estimating the SOH of the battery, however since the SOH changes only gradually over the lifetime of the
battery, less frequent samples are needed. Depending on the method used to determine the SOH, sampling intervals may be as low as once per
day. Impedance measurements for example could even be taken only in periods when the vehicle is not in use. Cycle counting of course can only

occur when the vehicle is operational.

Demand or Personality Module

The Demand Module is similar in some respects to the Battery Model in that it contains a reference model with all the tolerances and limits relevant
to the various parameters monitored by the Battery Model. The Demand Module also takes instructions from the communications bus such as
commands from the BMS to accept a regenerative braking charge or from other vehicle sensors such as safety devices or directly from the vehicle

operator. This unit is also used to set and to monitor the vehicle operating mode parameters.

This module is sometimes called the Personality Module since includes provision for programming into the system, all the custom requirements
which may be specific to the customer's application. For example, the cell maker will recommend a temperature limit at which for safety reasons
the battery must be automatically disconnected. However the car manufacturer may set two lower limits, one at which forced cooling may be

switched on and another which lights up a warning light on the driver's instrument panel.
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For HEV applications, the Personality Module interfaces with the engine Electronic Control Unit (ECU) via the CAN bus. Provision is made in this
module for setting the desired system SOC operating range and the parameters for controlling the power sharing between the electric drive and

the internal combustion engine .

The Demand Module also contains a memory block for holding all the reference data and for accumulating the historical data used for monitoring

the battery SOH. Data to display the SOH or switch on warning lights can be provided to the vehicle instrumentation module via the CAN bus.

The outputs from the Demand Module provide the reference points for setting the operating conditions of the battery or triggering the action of

protection circuits.

Test access to the BMS for monitoring or setting system parameters and for downloading the battery history is provided through a standard RS

232 or RS485 serial bus.

Decision Logic Module

The Decision Logic module compares the status of the measured or calculated battery parameters from the Battery Model with the desired or
reference result from the Demand Module. Logic circuits then provide error messages to initiate cell protection actions or to be used in the various
BMS feedback loops which drive the system to its desired operating point or isolate the battery in the case of unsafe conditions. These error

messages provide the input signals for the Battery Control Unit.

System Communications

The BMS needs a communications channel for passing signals between its various internal functional circuit blocks. It must also interface with
several external vehicle systems for monitoring or controlling remote sensors, actuators, displays, safety interlocks and other functions.
Automotive BMS therefore uses the CAN bus which was designed for this purpose as its main communications channel.

Battery Control Unit

The Battery Control Unit contains all the BMS power electronics circuitry. It takes control signals from the Battery Monitoring Unit to control the
battery charging process and to switch the power connections to individual cells.

Some of the possible functions of this unit are:

. Controlling the voltage and current profile of the charger output during the charging process.
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. Providing top up charge to individual cells to equalise the charge on all cells in the battery chain.
. Isolating the battery during fault or alarm conditions

. Switching the regenerative braking charge into the battery as required

. Dumping excessive regenerative braking charges when the battery is fully charged

. Responding to changes in the vehicle operating mode

To provide these functions, each cell in the battery may require expensive high current switches capable of switching 200 Amps or more to provide

the necessary interconnections.

. Binary Control and Progressive Control
In its simplest form, the BMS privides a "binary" ON/OFF resonse to a fault or an out of tolerance condition such as an overload, merely
isolating the battery completely by opening the main contactors. Progressive or variable control can however be provided in the case of an

overload by utilising the CAN Bus to call for a reduced the demand on the battery.

Cell Balancing
This is another essential function of the automotive BMS. As noted above it is required to compensate for weaknesses in individual cells which

could eventually cause the failure of the complete battery. The reasons for cell balancing and how this is implemented are explained on the Cell

Balancing page.

Limp Home Mode

Although batteries are designed to be trouble free for 3 or more years, there is always the possibility that the battery could be disabled by the
failure of a single cell. If a cell goes open circuit, the battery is essentially dead. However the BMS is designed to monitor the status of every cell
and so the location of the faulty cell will automatically be identified. It is not difficult to split the battery into two sections in series, each of which can
be independently bypassed by disconnecting the section of the battery containing the faulty cell and switching a conducting link in its place. This
will allow the vehicle to get to home or to the nearest refuge on half power using the good section of the battery. As well as the links the system will
need two more expensive high power contactors to implement this function, but this investment may be well justified when the alternative could be

a costly and dangerous breakdown on the motorway.

System Enhancements
Automotive BMSs may also be required to provide various functions which are not necessarily essential to managing the battery. These may

include remote monitoring of the battery from the fleet headquarters and this may also include the GPS location of the vehicle. The driver could
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thus be warned if the vehicle was getting low on charge or if he was straying too far from a charging station.

Fortunately not all BMS applications are as complex as this one.

Practical BMS Implementation
There are many ways of implementing the battery management system and two different examples for a 256 Volt battery made up from 80 Lithium
Iron Phosphate cells are shown below.
Master and Slaves
The master and slaves, star topolgy, organises the cells into blocks or modules with one slave managing each module. In the example shown, 16
X 3.2 volt cells are arranged in modules each with an output voltage of 51.2 Volts but other module sizes and voltages are possible.
. The Slaves - Each cell has a temperature sensor as well as connections to measure the voltage, all of which are connected to the slave
which monitors the condition of the cell and implements the cell balancing.
. The Master - Multiple slaves can be connected to the master which monitors the current and integrates it over time to calculate the net
Coulomb flow and this is modified using voltage and temperature data from the slaves to calculate the battery SOC. The master controls the
main battery isolation contactor(s) initiating battery protection in response to data from the main current sensor or voltage and temperature

data from the slaves.The master also provides the system communications.

BMS Master and Slaves (Star Topology)
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This configuration has the advantages that it does not need printed circuit boards connected to individual cells and high voltage batteries can be
accommodated by adding more modules and since the main battery current does not pass through slaves, it can also be used for high current

batteries. Signal processing is shared between the master and the slaves simplifying the management of the information processing load.

Disadvantages are that the communications between the sensors and the slaves are in analogue form, and thus susceptible to noise, and the very
large number of sensor wires, four per cell, which are required. Opto-isolated connections between the slaves and the master are also required
since the votages on the slaves would otherwise be progressively higher, up to the full battery voltage, as connections are taken from further up

the cell chain.

BMS Daisy Chain
The daisy chain, ring topology, uses a small simple slave printed circuit board connected to each cell to accommodate the voltage and temperature
sensors with an A to D converter, as well as a current bypass switch to enable cell balancing by charge shunting and an communications

transceiver with built in capacitive isolation for receiving and transmitting data in digital form. The slave takes its power from the cell it is monitoring
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and a single RS 485 three wire data bus connects the nodes from all the slaves to the master which polls each node in turn and requests an
update of its cell conditions. The slave does not carry out any signal processing, apart from the A to D conversion, as this is all carried out by the

master along with all the monitoring, protection and communications functions as in the example above.

BMS Daisy Chain (Ring Topology)
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The main advantages of this topology are its simpler design and construction and its potential for higher reliability in an automotive environment.

The disadvantages are the large number of mini-slave printed circuit boards which are needed and the difficulty of mounting them on some cell

types. In addition the master has a higher processing load.
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Cell Baancing and Battery Equalisation

| Glectropnedin Battery and Energy Technologies

Technologies Cell Balancing
Low Power Cells

High Power Cells In multicell batteries, because of the larger number of cells used, we can expect that they will be subject to a higher failure rate than single cell
Chargers & Charging

batteries. The more cells used, the greater the opportunities to fail and the worse the reliability.
Battery Management

Batteries such as those used for EV and HEV applications are made up from long strings of cells in series in order to achieve higher operating
Battery Testing voltages of 200 to 300 Volts or more are particularly vulnerable. The problems can be compounded if parallel packs of cells are required to achieve
Cell Chemistries the desired capacity or power levels. With a battery made up from n cells, the failure rate for the battery will be n times the failure rate of the
individual cells.

Buying Batteries in All cells are not created equal

China The potential failure rate is even worse than this however due to the possibility of interactions between the cells. Because of production tolerances,
Choosing a Battery uneven temperature distribution and differences in the ageing characteristics of particular cells it is possible that individual cells in a series chain
How to Specify could become overstressed leading to premature failure of the cell. During the charging cycle, if there is a degraded cell in the chain with a
Batteries

diminished capacity, there is a danger that once it has reached its full charge it will be subject to overcharging until the rest of the cells in the chain
reach their full charge. The result is temperature and pressure build up and possible damage to the cell. During discharging, it is even possible for

the voltage on the weaker cells to be reversed as they become fully discharged before the rest of the cells resulting in failure of the cell.

Balancing is less of a problem with parallel chains which tend to be self balancing.

See Interactions Between Cells for more details.

The problems caused by these cell to cell differences are exaggerated when the cells are subject to the rapid charge and discharge cycles

(microcycles) found in HEV applications.

While Lithium batteries are more tolerant of micro cycles they are less tolerant of the problems caused by cell to cell differences.

Because Lead acid and NiMH cells can withstand a level of over-voltage without sustaining permanent damage, a degree of cell balancing or
charge equalisation can occur naturally with these technologies simply by prolonging the charging time since the fully charged cells will release
energy by gassing until the weaker cells reach their full charge. This is not possible with Lithium cells which can not tolerate over-voltages.
Although the problem is reduced with Lead acid NiMH batteries and some other cell chemistries, it is not completely eliminated and solutions must

be found for most multicell applications.
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Cell Baancing and Battery Equalisation

No matter what battery management techniques are used, the failure rate or cycle life of a multicell battery will always be worse

than the quoted failure rate or cycle life of the single cells used to make up the battery.

Once a cell has failed, the entire battery must be replaced and the consequences are extremely costly. Replacing individual failed cells does not
solve the problem since the characteristics of a fresh cell would be quite different from the aged cells in the chain and failure would soon occur
once more. Some degree of refurbishment is possible by cannibalising batteries of similar age and usage but it can never achieve the level of cell

matching and reliability possible with new cells.

Equalisation is intended to prevent large long term unbalance rather than small short term deviations.

Cell selection

The first approach to solving this problem should be to avoid it if possible through cell selection. Batteries should be constructed from matched
cells, preferably from the same manufacturing batch. Testing can be employed to classify and select cells into groups with tighter tolerance

spreads to minimise variability within groups.

Pack construction

Another important avoidance action is to ensure at all times an even temperature distribution across all cells in the battery. Note that in an EV or
HEV passenger car application, the ambient temperature in the engine compartment, the passenger compartment and the boot or trunk can be
significantly different and dispersing the cells throughout the vehicle to spread the mechanical load can give rise to unbalanced thermal operating
conditions. On the other hand, if the cells are concentrated in one large block, the outer cells in contact with ambient air may run cooler than the
inner cells which are surrounded by warmer cells unless steps are taken to provide an air (or other coolant) flow to remove heat from the hotter

cells. See also Thermal Management

Cell equalisation

To provide a dynamic solution to this problem which takes into account the ageing and operating conditions of the cells, the BMS may incorporate
a Cell Balancing scheme to prevent individual cells from becoming overstressed. These systems monitor the State of Charge (SOC) of each cell,
or for less critical, low cost applications, simply the voltage across, each cell in the chain. Switching circuits then control the charge applied to each
individual cell in the chain during the charging process to equalise the charge on all the cells in the pack. In automotive applications the system
must be designed to cope with the repetitive high energy charging pulses such as those from regenerative braking as well as the normal trickle

charging process.

Several Cell Balancing schemes have been proposed and there are trade-offs between the charging times, efficiency losses and the cost of
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components.

Active balancing
Active cell balancing methods remove charge from one or more high cells and deliver the charge to one or more low cells. Since it is impractical to
provide independent charging for all the individual cells simultaneously, the balancing charge must be applied sequentially. Taking into account the
charging times for each cell, the equalisation process is also very time consuming with charging times measured in hours. Some active cell
balancing schemes are designed to halt the charging of the fully charged cells and continue charging the weaker cells till they reach full charge
thus maximising the battery's charge capacity.
. Charge Shuttle (Flying Capacitor) Charge Distribution
With this method a capacitor is switched sequentially across each cell in the series chain. The capacitor averages the charge level on the cells
by picking up charge from the cells with higher than average voltage and dumping the charge into cells with lower than average voltage.
Alternatively the process can be speeded up by programming the capacitor to repeatedly transfer charge from the highest voltage cell to the
lowest voltage cell. Efficiency is reduced as the cell voltage differences are reduced. The method is fairly complex with expensive electronics.
. Inductive Shuttle Charge Distribution
This method uses a transformer with its primary winding connected across the battery and a secondary winding which can be switched across
individual cells. It is used to take pulses of energy as required from the full battery, rather than small charge differences from a single cell, to
top up the remaining cells. It averages the charge level as with the Flying Capacitor but avoids the problem of small voltage differences in cell
voltage and is consequently much faster.
Passive balancing
Dissipative techniques find the cells with the highest charge in the pack, indicated by the higher cell voltage, and remove excess energy through a
bypass resistor until the voltage or charge matches the voltage on the weaker cells. Some passive balancing schemes stop charging altogether
when the first cell is fully charged, then discharge the fully charged cells into a load until they reach the same charge level as the weaker cells.
Other schemes are designed continue charging till all the cells are fully charged but to limit the voltage which can be applied to individual cells and
to bypass the cells when this voltage has been reached.
This method levels downwards and because it uses low bypass currents, equalisation times are very long. Pack performance determined by the
weakest cell and is lossy due to wasted energy in the bypass resistors which could drain the battery if operated continuously. It is however the
lowest cost option.
Charge Shunting
The voltage on all cells levelled upwards to the rated voltage of a good cell. Once the rated voltage on a cell has been reached, the full current
bypasses fully charged cells until the weaker cells reach full voltage. This is fast and allows maximum energy storage however it needs expensive
high current switches and high power dissipating resistors.

Charge limiting
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Cell Balancing and Battery Equalisation

A crude way of protecting the battery from the effects of cell imbalances is to simply switch off the charger when the first cell reaches the voltage
which represents its fully charged state (4.2 Volts for most Lithium cells) and to disconnect the battery when the lowest cell voltage reaches its cut
off point of 2 Volts during discharging. This will unfortunately terminate the charging before all of the cells have reached their full charge or cut off
the power prematurely during discharge leaving unused capacity in the good cells. It thus reduces the effective capacity of the battery. Without the
benefits of cell balancing, cycle life could also be reduced, however for well matched cells operating in an even temperature environment, the

effect of these compromises could be acceptable.

All of these balancing techniques depend on being able to determine the state of charge of the individual cells in the chain. Several methods for
determining the state of charge are described on the SOC page.

The simplest of these methods uses the cell voltage as an indication of the state of charge. The main advantage of this method is that it prevents
overcharging of individual cells, however it can be prone to error. A cell may reach its cut off voltage before the others in the chain, not because it
is fully charged but because its internal impedance is higher than the other cells. In this case the cell will actually have a lower charge than the

other cells. It will thus be subject to greater stress during discharge and repeated cycling will eventually provoke failure of the cell.

More precise methods use Coulomb counting and take account of the temperature and age of the cell as well as the cell voltage.

Redox Shuttle (Chemical Cell Balancing)

In Lead acid batteries, overcharging causes gassing which coincidentally balances the cells. The Redox Shuttle is an attempt to provide chemical
overcharge protection in Lithium cells using an equivalent method thus avoiding the need for electronic cell balancing. A chemical additive which
undergoes reversible chemical action absorbing excess charge above a preset voltage is added to the electrolyte . The chemical reaction is

reversed as voltage falls below the preset level.
For batteries with less than 10 cells, where low initial cost is the main objective, or where the cost of replacing a failed battery is not considered
prohibitive, cell balancing is sometimes dispensed with altogether and long cycle life is achieved by restricting the permitted DOD. This avoids the

cost and complexity of the cell balancing electronics but the trade off is inefficient use of cell capacity.

Whether or not the battery employs cell balancing, it should always incorporate fail safe cell protection circuits.
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Supercapacitors and Ultracapacitor Applications
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Technologies . .
Capacitors and SuperCapacitors
Low Power Cells Lo
Characteristics

High Power Cells
Chargers & Charging

Capacitors store energy in an electrostatic field rather than as a chemical state as in batteries.

No chemical actions involved which means very long cycle life is possible.
Battery Management

No limit on the cell voltage imposed by the "cell chemistry" as with galvanic cells.
Battery Testing

The terminal voltage directly proportional to the State of Charge (SOC) which limits range of applicability somewhat.
Cell Chemistries

Low power capacitors

Capacitors are probably the most common form of non-chemical energy storage and are widely used in low power applications.
Free Report

I%

Typical specification: 20 pF to 2 Farads 5.5 to 6.3 Volts
Buying Batteries in

Supercapacitors, Ultracapacitors or EDLC (Electric Double Layer Capacitors) as they are also called, look very much like
China

batteries. They have double layer construction consisting of two carbon electrodes immersed in an organic electrolyte. See below
Choosing a Battery

How to Specify
Batteries o —
Sponsors ++++++++++++
Carbon / SOOSSOSOSSeS
electrodes Separator soaked in electrolyte

UL ORLULOL

Double Layer Capacitor

During charging, the electrically charged ions in the electrolyte migrate towards the electrodes of opposite polariity due to the
electric field between the charged electrodes created by the applied voltage. Thus two separate charged layers are produced.
Although similar to a battery, the double layer capacitor depends on electrostatic action. Since no chemical action is involved the

effect is easily reversible and the typical cycle life is hundreds of thousands of cycles.

They have a low energy density of less than 15 Wh/Kg but a very high power density of 4,000 W/Kg and capacitance values of

thousands of Farads are possible. Although the power density is very high the cell voltage is limited to about 2.3 Volts to avoid

electrolysis of the electrolyte with the consequent emission of gas.
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Voltage equalisation to spread the available charge evenly between the capacitors in a series chain may also be needed for many
applications.

Typical specification of capacitor banks for automotive applications: 10 to 200 Farads 100 Volts

Advantages

Cell voltage determined by the circuit application, not limited by the cell chemistry.

Very high cell voltages possible (but there is a trade-off with capacity)

High power available.

High power density.

Simple charging methods. No special charging or voltage detection circuits required.

Very fast charge and discharge. Can be charged and discharged in seconds.

Can not be overcharged.

Long cycle life of more than 500,000 cycles at 100% DOD.

No chemical actions.

10 to12 year life

Low impedance

Shortcomings

Linear discharge voltage characteristic prevents use of all the available energy in some applications.

Power only available for a very short duration.

Low capacity.

Low energy density. (6Wh/Kg)

Cell balancing required for series chains.

High self discharge rate. Much higher than batteries.

Applications

Applications requiring a short duration power boost.

Low power

Capacitors are extensively used as power back-up for memory functions in a wide range of consumer products such as mobile
phones, laptops and radio tuners.

Used in pulsed applications to share the load and for providing peak power assistance to reduce the duty cycle on the battery to
prolong battery life in products or devices using mechanical actuators such as digital cameras. See also Load Sharing.

Also used for energy storage for solar panels, and motor starters.

High power
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The shortcomings above render supercapacitors unsuitable as primary power source for EV and HEV applications however their
advantages make them ideal for temporary energy storage for capturing and storing the energy from regenerative braking and for
providing a booster charge in response to sudden power demands.

Since the capacitor is normally connected in parallel with the battery in these applications, it can only be charged up to the battery
upper voltage level and it can only be discharged down to the battery lower discharge level, leaving considerable unusable charge
in the capacitor, thus limiting its effective or useful energy storage capacity.

Using supercapacitors in EVs and HEVs to facilitate regenerative braking can add 15% to 25% to the range of the vehicle.

At the same time, supercapacitors can provide an effective short duration peak power boost allowing the prime battery to be
downsized.

It should be noted however that while supercapacitors can be used to to provide the increased range and short term power, it is at
the cost of considerable added weight and bulk of the system, and this should be weighed against the advantages of using higher

capacity batteries.

Supercapacitors are also used to provide fast acting short term power back up for UPS applications. By combining a capacitor with
a battery-based uninterruptible power supply system, the life of the batteries can be extended. The batteries provide power only

during the longer interruptions, reducing the peak loads on the battery and permitting the use of smaller batteries.

Carbon Nanotube Enhanced Supercapacitors

Recent developments at MIT have shown that the performance of supercapacitors can be significantly improved by using

nanomaterials. The energy storage capability of a capacitor is directly proportional to its capacitance which in turn is proportional to
the area of the plates or electrodes. Likewise the current carrying capability is directly proportional to the area of the electrodes. By
using vertically aligned, single-wall carbon nanotubes which are only several atomic diameters in width instead of the porous,
amorphous carbon normally employed, the effective area of the electrodes can be dramatically increased. While the achievable
energy density of 60Wh/Kg still can not match the level obtainable in Lithium lon batteries (120Wh/kg), the power densities
achieved of 100kW/kg are three orders of magnitude better than batteries.

Commercial products are not yet available but should be soon.

More information on_Alternative Energy Storage Methods page.

See also History (Electrolytic Capacitors)

Costs
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Cell Chemistry Comparison Chart
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Battery Power Demand Management
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Battery and Energy Technologies

Technologies
Low Power Cells

High Power Cells
Chargers & Charging

Battery Management

Battery Testing

Cell Chemistries

Buying Batteries in

China

How to Specify

Batteries

Choosing a Battery

Demand Management

In any system incorporating batteries one of the major design goals is to maximise the time between charges. Battery design engineers try to
achieve this goal by providing cells with the maximum possible capacity. The product design engineer however can play a major role in helping the
battery charge to last longer by using power management schemes in their designs which reduce the current drain on the battery. Since a given
charge can be made to last longer or to do more useful work, a consequential benefit is that for the same cycle life, the actual battery lifetime will

also be extended.

In general power management schemes reduce the overall power consumption by supplying power only to parts of the circuit which have an
immediate demand for it and slowing down, or switching off the power to, circuits which may be temporarily idle. This may be done progressively

as in laptop computers or according to a preprogrammed sampling scheme which allows power on demand as in mobile phones.

Progressive Circuit Shut Down

This technique is used extensively in laptop computer designs. By sensing the keyboard activity the computer knows when the machine is idle.
After set intervals of inactivity certain functions are switched off. A measure of user control over the length of the intervals is usually provided to
enable the user to match the shut down scheme to his work pattern. The shorter the intervals the more power will be saved. The functions are

usually restored immediately when the computer senses that the mouse or keyboard have been used again.

Shut Down Sequence

. First the monitor or screen is switched off.

. Ifthere is still no activity the hard disks may be switched off.

. Standby Mode is the next stage in the shut down. - This places the entire system in a low-power state by slowing down the clock speed and
hence all the circuit functions. All the open applications remain in place and ready to restart on demand. This gives the benefit of getting right
back to work when required without waiting for the computer to restart.

. Hibernation is the last shut down stage which occurs when there has been no activity for a prolonged period. In this state all the contents of
memory are first stored in a special file on the hard disk and then the central processing unit or the entire computer is switched off. When the
computer is powered up again it must first reboot but everything will be restored exactly as it was left including programs and documents

which may not have saved or closed.

There are other things the computer user can do to preserve battery life. The most obvious one is to disconnect the battery when mains power is
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Battery Power Demand Management

available. It is a pity laptop manufacturers don't provide a switch for this purpose. It usually requires removing the battery.

LCD screens are notoriously power hungry devices. Their appetite can however be reduced by turning down the brightness control.

PDAs, unlike laptop computers, have no hard drives.They can only store data in volatile memory and so can never be completely switched off. The
power management circuitry must still supply keep-alive voltage to the sleeping processor and memory when the PDA is not in use, and it must do

it at extremely low quiescent current.

Power On Demand

Mobile phones need to be switched on at all times to be able to receive calls, but they don't need to be transmitting unless there is some
information to transmit. The receiver is a low power circuit processing low received signal levels, but the transmitter has to send out high power
signals strong enough to reach the base station. The audio amplifier and display circuits also consume high power but are only needed during
actual call. The following techniques are used to conserve power:-

. The transmitter has to keep the base station informed about the location of the handset and to check if there are any incoming calls so it must
send out regular signals to the base station to keep it updated .The transmitter is therefore only switched on for about half a millisecond every
second (the exact period depends on the system design) to tell the base station where it is.

. The audio, display and other feature circuits are switched to a low power sleep mode between calls. In response to the transmitter paging the
base station, if there is an incoming call, a wake up circuit will turn on all of these functions again.

. During a call, when it needs to transmit speech, it only uses power if there is information to be transmitted.

. Automatic gain control ensures that, when it is transmitting, the communications link is maintained with just sufficient transmitter power

consistent with acceptable signal quality.

Intelligent Energy Manager (IEM)
New developments in microprocessor and software technology recently announced by ARM enable dynamic tuning of the processor's operating
voltage and frequency to match the processing workload. Reductions in the processor's energy consumption by up to 25% are claimed for

applications using this technique, extending the battery life for portable systems.
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Why Batteries Fail

| Glectropnedin Battery and Energy Technologies

Technologies Why Batteries Fail

Low Power Cells For the applications engineer designing reliable products dependent on batteries for power an understanding of the potential failure modes of the

High Power Cells cells employed is essential. This is to enable him to ensure that potential faults have been designed out of the cells themselves and that unsuitable
Chargers & Charging

or uncontrolled operating conditions during manufacture or use of the cells can be prevented or avoided. Batteries with different cell chemistries or
Battery Management

constructions may fail in different ways. This report outlines some of the most common cell failures and suggests preventative measures which

Battery Testin need to be considered when specifying cells for a new battery application.
Cell Chemistries

FAQ Why Cells Fail

Buying Batteries in Cell design faults

China The logical place to start the analysis is in the design of the cell itself. Unfortunately it is the area where the applications design engineer has least
knowledge and which he is least able to influence. Cell design faults such as weak mechanical design, inadequate pressure seals and vents, the
How to Specify specification of poor quality materials and improperly specified tolerances can be responsible for many potential failures. Unless he is qualified in
Batteries

physical chemistry, and has experience in components design and access to detailed cell design data and specialist equipment such as mass
spectrometers and electron microscopes, there's not much the applications engineer can do to assure himself of the quality of the cell design just

from the specifications. What can be done however is accelerated life testing on sample cells to verify that they meet the desired reliability

requirements for the proposed application. Before any cells are adopted for your battery application they should undergo thorough qualification

testing to identify any potential weaknesses. For more information see Battery Testing. If you don't have the necessary equipment to carry out

these tests your friendly pack designer should be able to do it for you.

Manufacturing processes out of control

This is an area where the applications engineer can begin to have some influence. A cell may be well designed, but once it gets out of the design
lab and into the factory its fate is determined by the factory manager. In well managed companies this should not be a problem, but a badly run
production facility can introduce numerous potential failure sources into the cell. This is less likely to be a problem in a large automated plant with a
well known brand name to protect, but if you are looking for the lowest cost cell manufacturer you need to be conscious that corners may be cut to

achieve the cost targets. Some symptoms to watch out for:-

. Manual production methods. - It is very difficult to achieve precision and repeatability using manual assembly methods and lack of precision

means potential short circuits, leaks, unreliable connections and contamination. This doesn't just apply to back street operations using low

cost labour. Even with well managed companies, when new technologies are introduced, the initial customer requirements are usually
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supplied by hand made products or products made on semi automated machinery until the demand is established and the investment in
automated production machinery is justified.

Out of tolerance components create similar problems as with imprecise assembly noted above

Burrs give rise to short circuits.

Voids reduce cell capacity, increase impedance and impede heat dissipation

Contamination of the active chemicals gives rise to unwanted chemical effects which could result in various forms of cell failure such as
overheating, pressure build up, reduced capacity, increased impedance and self discharge and short circuits.

Process out of control. - A typical example is variable coating thicknesses of the active chemicals on the electrodes. Once again the results
could affect cell capacity, impedance and self discharge. Process control also applies to the temperature and humidity of the air in the
production plant as well as to the dimensional accuracy of the components.

Use of unapproved alternative materials. This is not necessarily obvious but it certainly happens. Tests on samples may be needed to verify
this.

Weld/sealing quality - This can result in poor, unreliable connections and localised heat build up.

Mechanical weaknesses. In smaller cells the most likely problem will be leakage of the electrolyte. Larger cells will be more prone to cracking
or splitting, which also cause leakage, or distortion which means the cells may not fit into the enclosure designed for them.

Poor sealing results in leakage and loss of active chemicals and potential safety problems.

Quality systems and quality management. - After the design of the cell itself, these are perhaps the most important factors affecting cell
failures. The manufacturing facility needs to have in place, at key points in the production process, controls which set limits to, and monitor
continuously , all the parameters which can ultimately affect the quality and reliability of the product. Corrective actions should come into play
automatically whenever the specified limits are approached to ensure they are never breached. Not only should the system be in place but it

should be seen to be fully operational. Records should be kept as evidence that the system is at all times operating correctly.

All of these points can be verified by the battery applications engineer to give confidence in the proposed cell supplier provided the cell suppliers

allow access to their manufacturing plants.

See also Battery Manufacturing

Ageing
Battery performance gradually deteriorates with time due to unwanted chemical reactions and physical changes to the active chemicals. This
process is generally not reversible and eventually results in battery failure. The following are some examples:-

. Corrosion consumes some of the active chemicals in the cell leading to increased impedance and capacity loss

. Chemical loss through evaporation. Gaseous products resulting from over charging are lost to the atmosphere causing capacity loss.
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Change in physical characteristics (morphology) of the working chemicals.
o Crystal formation. Over time the crystal structure at the electrode surface changes as larger crystals are formed. This reduces the

effective area of the electrodes and hence their current carrying and energy storage capacity.
Dendritic growth. This is the formation of small crystals or treelike structures around the electrodes in what should be an aqueous
solution. Initially these dendrites may cause an increase in self discharge. Ultimately dendrites can pierce the separator causing a short
circuit.

Passivation. This is a resistive layer which builds up on the electrodes impeding the chemical action of the cell.

Shorted cells. Cells which were marginally acceptable when new may have contained latent defects which only become apparent as the

ageing process takes its toll. This would include poor cell construction, contamination, burrs on metal parts which can all cause the electrodes

to come into contact with each other causing a short circuit.

Electrode cracking Some solid electrolyte cells such as Lithium polymer can fail because of cracking of the electrolyte

The ageing process outlined above is accelerated by elevated temperatures.

Uncontrolled operating conditions
Good batteries are not immune to failure which can be provoked by the way they are used or abused. High cell temperature is the main killer and

this can be brought about in the following situations.

Bad applications design

Unsuitable cell for the application

Unsuitable charging profile

Overcharging

Environmental conditions. High ambient temperatures. Lack of cooling.
High storage temperature

Physical damage is also a contributing factor

Most of these conditions result in overheating of the cell which is what ultimately kills it.

Abuse

Abuse does not just mean deliberate physical abuse by the end user. It also covers accidental abuse which may be unavoidable. This may include
dropping, crushing, penetrating, impacts, immersion in fluids, freezing or contact with fire, any of which could occur to an automotive battery for
instance. It is generally accepted that the battery may not survive all these trials, however the battery should not itself cause an increased hazard

or safety problem in these circumstances.

How Cells Fail
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The actions or processes outlined above cause the cells to fail in the following ways:

Active chemicals exhausted
In primary cells this is not classed as a failure since this is to be expected but with secondary cell we expect the active chemicals to be restored

through recharging. As noted above however ageing will cause the gradual depletion of the active mass.

Change in molecular structure
Even though the chemical composition of the active chemicals may remain unchanged, changes in their morphology which take place as the cell

ages can impede the chemical actions from taking place, ultimately rendering the cell unusable.

Breakdown of the electrolyte

Overheating or over-voltage can cause chemical breakdown of the electrolyte.

Electrode plating
In Lithium cells, low temperature operation or over-current during charging can cause deposition of Lithium metal on the anode resulting in

irreversible capacity loss and eventually a short circuit.

Increased internal impedance

The cell internal impedance tends to increase with age as the larger crystals form, reducing the effective surface area of the electrodes.

Reduced capacity
This is another consequence of cell ageing and crystal growth. Is is sometimes recoverable through reconditioning the cell by subjecting the cell to

one or more deep discharges.

Increased self discharge
The changing crystal structure of the active chemicals as noted above can cause the electrodes to swell increasing the pressure on the separator
and, as a consequence, increasing the self discharge of the cell. As with all chemical reactions this increases with temperature.

Unfortunately these changes are not usually reversible.

Gassing

Gassing is generally due to over charging. This leads to loss of the active chemicals but In many cases this can also be dangerous. In some cells
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the released gases may be explosive. Lead acid cells for instance give off oxygen and hydrogen when overcharged.

Pressure build up
Gassing and expansion of the chemicals due to high temperatures lead to the build up of pressure in the cell and this can be dangerous as noted
above. In sealed cells it could lead to the rupture or explosion of the cell due to the pressure build up unless the cell has a release vent to allow the

escape of the gasses.

Swelling
Before the pressure in the cell builds up to dangerous limits, some cells are prone to swelling due to overheating. This is particularly true of Lithium
polymer pouch cells. This can lead to

problems in fitting the cell into the battery enclosure.

Overheating
Overheating is always a problem and is a contributing factor in nearly all cell failures. It has many causes and it can lead to irreversible changes to
the chemicals used in the cells, gassing, expansion of the materials, swelling and distortion of the cell casing. Preventing a cell from overheating is

the best way of extending its life.

Penetration of the separator
Short circuits can be caused by pentration of the separator due dendrite growth, contamination, burrs on the electrodes or softening of the

separator due to overheating.

Thermal runaway
The rate at which a chemical action proceeds doubles for every 10°C increase in temperature. The current flow through a cell causes its
temperature to rise. As the temperature rises the electro-chemical action speeds up and at the same time the impedance of the cell is reduced

leading to even higher higher currents and higher temperatures which could eventually lead to destruction of the cell unless precautions are taken.

Consequences of Cell Faults

The failure mechanisms noted above to not always lead to immediate and complete failure of the cell. The failure will often be preceded by a
deterioration in performance. This may be manifest in reduced capacity, increased internal impedance and self discharge or overheating. If a
degraded cell continues in use, higher cell heat dissipation may result in premature voltage cut off by the protection circuits before the cell is fully

charged or discharged reducing the effective capacity still further.
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Measurement of the State of Health of the cells can provide an advance warning of impending failure of the cell.

There are several possible failure modes associated with the complete breakdown of the cell, but it is not always possible to predict which one will
occur. It depends very much on the circumstances.

. Open circuit - This is a fail safe mode for the cell but may be not for the application. Once the current path is cut and the battery is isolated, the
possibility of further damage to the battery is limited. This may not suit the user however. If one cell of a multicell battery goes open circuit
then the whole battery will be out of commission.

. Short circuit - If one cell of a battery chain fails because of a short circuit, the rest of the cells may be slightly overloaded but the battery will
continue to provide power to its load. This may be important in emergency situations.

Short circuits may be external to the cell or internal within the cell. The battery management system (BMS) should be able to protect the cell
from external shorts but there's not much the BMS can do to protect the cell from an internal short circuit.
Within the cell there are different degrees of failure.
o Hard Short
Solid connection between electrodes causes extremely high current flow and complete discharge resulting in permanent damage to the
cell
o Soft Short
Small localised contact between electrodes. Possibly self correcting due to melting of the small regions in contact caused by the high
current flow which in turn interrupts the current path as in a fuse.

. Explosion - This is to be avoided at all costs and the battery must incorporate protection circuits or devices to prevent this situation from

occurring.

. Fire - This is also possible and as above the battery should be protected from this possibility.

False Alarms

Occasionally you may find that an apparent fault in the battery is actually a fault external to the cells. It could be in the charger or in the protection
circuitry. This may occur when a "perfectly good" charger is unable to charge the battery. It is possible that this could be caused by a mismatch in
the protection limit settings between the battery and the charger. The charger voltage regulation may not have the range to cope with a fully
discharged battery or the current limits may be set too low to allow the initial current inrush into the battery when the charger is switched on.

It is also possible that a fault in the protection circuit could cause the battery to discharge. The possibility of external faults should therefore be

verified before the cells are blamed.

Maximising Battery Life
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Why Batteries Fail

Applications design

The first step is to ensure that the most appropriate battery is chosen for the application.

Supplier qualification

The second step is to select a cell supplier who can be relied upon to provide a safe reliable product.

Cell qualification
The next step is to verify that the chosen cells meet the desired specification under every expected condition of use and that inbuilt safety devices

such as pressure vents function correctly.

Protection circuits

Once the cell has been chosen the ancillary electronic circuits can be specified. The most important of these are the safety circuits which ensure
that the cells are maintained within their specified operating temperature, current, and voltage limits. This should also include the specification of
the charger.

See Battery Protection Methods

Product qualification
When finished battery packs become available, they should be subject to qualification tests as stand alone units and as part of the qualification
testing of the product in which they are used and also with the associated charger. These tests should identify whether there are any undesired

interactions between these units.

Storage

Don't use up the battery's life unnecessarily by storing it at too high temperatures.

Manufacturing
After taking such care during the design process, don't let the pack manufacturing introduce potential faults into the battery. Make sure that the

factory is implementing the necessary quality systems.

Planned maintenance
Provide the user with recommended operating and maintenance procedures for the battery (including reconditioning if this is possible) and ways of

monitoring the battery State of Health.
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Why Batteries Fail

See also Lithium Battery Failures

For more information see Battery Life
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Battery Safety

| Glectropnedin Battery and Energy Technologies

Technologies Battery Safety
lLow Power Cells

High Power Cells Batteries have the potential to be dangerous if they are not carefully designed or if they are abused. Cell manufacturers are conscious of these
Chargers & Charging

dangers and design safety measures into the cells. Likewise, pack manufacturers incorporate safety devices into the pack designs to protect the
Battery Management

battery from out of tolerance operating conditions and where possible from abuse. While they try to make the battery foolproof, it has often been
Battery Testin explained how difficult this is because fools can be so ingenious. Once the battery has left the factory its fate is in the hands of the user. It is usual
Cell Chemistries to provide "Instructions For Use" with battery products which alert the end user to potential dangers from abuse of the battery. Unfortunately there

will always be perverse fools who regard these instructions as a challenge.

Buying Batteries in

Warning

China
Subjecting a battery to abuse or conditions for which it was never designed can result in uncontrolled and dangerous

Choosing a Battery
failure of the battery. This may include explosion, fire and the emission of toxic fumes.

How to Specify

Batteries

We are helped in assessing what hazards to protect against, and the degree of protection required, by the publication of national standards. Some

of these are listed in the section on Standards. Typical safety test requirements are outlined in the section on Testing.

"Designed in" safety measures

These are not something that the battery applications engineer can control but they could influence the choice of cells to be specified for a
particular application.

. Cell chemistry - In the quest for ever higher energy and power densities cell makers have utilised ever more reactive chemical mixes, but

these highly reactive properties which are needed to provide the higher energy densities are likely to increase the risk of danger in case of cell
failures. For safety reasons the cell maker may compromise on the maximum power by using a less reactive chemical mix or by introducing
some form of chemical retardant in order to reduce the risk of fire or explosion if a cell suffers physical damage. As an example, the original
Lithium-ion cells were a Lithium Cobalt combination and these provide maximum power, however Lithium Manganese cells which have a
slightly lower power rating are now the preferred choice for many applications because they are inherently safer if damaged.

. Electrolytes - Chemical inhibitors are often added to electrolytes to make them self extinguishing or flame retarding in case of abuse of the cell
which could lead to fire.

. Cell construction - Low power cells have relatively simple mechanical structures which have undergone many years of development and cell

failures caused by poor mechanical design a very rare. For high power cells however, thermal design can be a source of weakness. Getting
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the excess heat out of the cell can be a problem and poor designs can result in localised hotspots within the cell which can cause cell failure.
Good thermal performance for high power cells requires substantial current paths.

Separators - If for any reason a cell overheats, this can cause the separators, which are typically made of plastic, to distort or melt. In the
worst case this could lead to a short circuit between the electrodes with even more serious consequences. Internal short circuits can also
occur due to dendrite or crystal growth on the electrodes. External circuits can not protect against an internal short circuit and various
separators have been designed to avoid this problem. These include rigid separators which do not distort even under extreme temperature
conditions, flexible ceramic coated plastic which prevents contact between the electrodes and "shut down separators" with special plastic
formulations, similar to a resettable fuse, whose impedance suddenly increases when certain temperature limits are reached.

Once an internal short occurs there is not much that can be done by external measures to protect the battery. Such an occurrence can be
detected by a sudden drop in the cell voltage and this can be used to trigger a cut off device to isolate the battery from the charger or the load.
While it does not solve the problem at least it prevents external events from making it any worse. Fortunately an internal short circuit is a rare
occurrence.

The likelihood of an internal short circuit occurring can be minimised by keeping the cell temperature within limits and this should be the user's
first line of defence.

Robust packaging - As with cell construction this is unlikely to be a source of problems.

Circuit Interrupt Device (CID) - Some cells also incorporate a CID which interrupts the currrent if the internal gas pressure in the cell exceeds
specified limits.

Safety vents - If other safety devices fail and a cell is allowed to overheat, chemical reactions can result in gassing and the active materials
will also expand due to the temperature rise. This can cause a dangerous build up of pressure inside the cell which could result in rupture of
the case or even an explosion. Safety vents are needed as a final safety precaution to release the pressure before it reaches a dangerous
level. Automatic release guard vents prevent the absorption of external air into the cell but allow controlled release of excess internal pressure
to avoid leakage and prevent uncontrolled rupture of the cell case.

Keyed and shrouded connectors or terminals - These are designed to protect the operator, to prevent accidental short circuits and the

connection of incorrect loads or chargers to the battery. See Battery Pack Design (External connections)

All the designed-in safety precautions can be worthless if the manufacturing processes are not controlled properly. Burrs on the electrodes,
misaligned or out of tolerance components, contaminated electrode coatings or electrolytes can all cause short circuits or penetration of the
separator. A short circuit caused by a microscopic metallic particle may simply cause cause local overheating or an elevated self discharge
rate due to a relatively high impedance current path between the electrodes, but a direct short circuit due to penetration of the separator by a

burr on the electrode can lead to excessive overheating and eventually thermal runaway of the cell.

External Safety Devices

Protecting the cell from out of limits operating conditions, either from the loads imposed by the intended application or abuse by the user or from




Battery Safety

unsuitable charging regimes, is the job of the battery pack designer.

Heat is the biggest killer of batteries and this is most likely to be due to unsuitable charging methods or procedures. But chargers are not the only

culprits. Overloading the cell during discharge also causes overheating. Many safety devices are therefore based on sensing the cell temperature

and isolating the cell from its load or from the charger if the temperature reaches dangerous levels.

See the section on Chargers for more information about safe charging.

Heat damages a cell no matter what its source and a cell will suffer the same damage by being placed in a high ambient temperature environment

as it would from improper use. There is no practical way to protect the cell from this kind of abuse. (Sounding an alarm could be a possibility)

Apart from damage from overheating, a battery may be damaged from excessive currents and from over and under voltage. Suitable protection

methods and how they are implemented are described in detail in the section Battery Protection Methods

Short Circuits and their Consequences (What can a Joule do?)

Short circuiting a capacitor or a battery is definitely not recommended as the destructive power unleashed is often seriously under estimated.

As an example, a 0.1Farad capacitor charged to 14 Volts will store 10 Joules of energy (E = ¥ CV2). This may not seem very much, it is only 10
Watt seconds, but it is enough to punch a hole through aluminium foil creating a lot of sparks. 30 Joules is enough to weld a wire to a ball bearing.

This is because the discharge period is very short, almost instantaneous, resulting in a power transfer of hundreds of watts.

Batteries store even more energy. For comparison, a fully charged 3.6 Volt, 1000 mAh mobile phone battery has a low internal impedance and
contains 12,960 Joules of energy. Short circuiting these cells can cause extremely high currents and temperatures within the cell resulting in the
breakdown of the chemical compounds from which it is made. This in turn can cause the rapid build up of pressure within the cell resulting in its
catastrophic failure, with unpredictable consequences including the uncontrolled rupture of the cell or even fire.

By the same token, a single, fully charged 200 Ah, 3.6 Volt Lithium lon automotive cell (or the similar capacity from any other cell chemistry)

contains 2,592,000 Joules of energy. Don't wait around to see what happens if you drop a wrench on the terminals!!

YOU HAVE BEEN WARNED

Battery (and User) Protection System
The diagram below summarises the types of problems which can occur in Lithium energy cells and their consequences together with the actions

which may be taken by the Battery Management System (BMS) to address the problems and the results of the actions.
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Multi Level Battery Safety Plan

Supplier and production audit

. Cell design audit

. Manufacturer's quality systems.

Cell level safety devices
. CID (Circuit Interrupt Device)
. Shut down separator
. Pressure vent

External circuit devices
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. Manufacturer's technical capability

safety plan should include consideration of at least the following components.

o Staff (Engineering, Management)

o Facilities (Materials analysis capability)

. Process controls. (In place and being implemented)

Pressure
Releass

Pressure
Release

Current
Shut Off
Current
Shut Off
Current
Shut Off
Current
Shut Off

Current OFf
Cooling On

Turn On
Heater

Cell Safety System

The responsibility for battery safety starts at the cell maker's premises and continues through to the design af the battery application. A multi-level
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. PTC resistors (Low power only)

. Fuses

. Cell and battery isolation to prevent event propagation

o Electrical (Contactors)
Physical (Separation, barriers)

BMS Software

. Monitoring of all key indicators coupled to control actions.

. (Cooling, Power disconnect)
BMS Hardware

. Falil safe back-up Hardware switch off in case of software failure. Set to slightly higher limits

. Battery switch off in case low voltage BMS power supply or other system component fails

Automotive High Voltage High Capacity Batteries
Concerns are often expressed about the safety of high power automotive batteries if they are damaged or crushed in an accident. Such batteries

are normally subject to stringent safety testing before they may be approved for use and a range of International Standards has been developed

for this purpose.
Nevertheless batteries in general present a lower hazard in the case of an accident than a full tank of petrol.
The dangers don't just come from the chemical content of the batteries. High capacity batteries store an immense amount of energy which can

cause enormous damage if the battery is short circuited.

HANDLE WITH CARE.

Handling Instructions

User Safety Precautions

These are intended to protect the user as well as the battery. Detailed recommendations for handling and using batteries are given in the section

on User Safety Instructions

MSDS Material Safety Data Sheets
Material Safety Data Sheets are designed to provide safety information about any physical or chemical hazard associated with a particular product
and procedures for handling or working with hazardous material content. They are intended for employers, employees and emergency services

responsible for dealing with fire or medical emergencies.
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MSDS's are specific to individual products or classes of products and include information such as the chemical composition of each of the
chemicals used and physical data ( melting point , boiling point , flash point etc.) as well as the reactivity, toxicity, flammability, health effects,
recommended first aid, storage, disposal, protective equipment and procedures to follow in case of a fire, spill or leak.

In the case of batteries, the information is usually provided by the cell manufacturer since they control the contents of the product.

See MSDS for an example of a typical data sheet for Lithium cells used in mobile phones.

See also Battery Death for dangerous operating practices which could damage the battery and Electric Shocks for an outline of potential hazards

to the user when working with batteries.
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Low Power Batteries
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High Power Cells
Chargers & Charging

Battery Management

Battery Testing

Cell Chemistries

Buying Batteries in
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Choosing a Battery
How to Specify

Batteries

Low Power Batteries (Less than 5Ah)

Design Considerations
Low power batteries are usually made in very large volumes and low cost is usually the most important design goal. A wide range of primary and
secondary cells is available to satisfy this need. The range of Cell Chemistries employed is fairly small but the range of available Cell Packaging is

very wide.

For fifty years the lowest cost, low drain applications have been powered by Primary Cells and the market is well served by a range of standard

low cost Leclanché and Alkaline cells. In the last twenty years however the explosion of applications requiring cordless power such as mobile

phones, power tools, laptop computers and PDAs has created a demand for Secondary Cells to supply the higher current drains and to provide the

convenience of recharging that these new applications require. (It could also be said that it is the availability of new battery technologies and new
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Low Power Batteries

Cell Chemistries which has made these applications possible.)
Cost and capacity are not the only considerations in determining the choice of battery technology. Small size is usually also an important design
goal and the ergonomic design of these products determines the shape, size and weight and even the colour of the battery which can be used.

These requirements have given rise to a demand for Battery Pack Designs in which standard secondary cells are incorporated into custom battery

packs to satisfy particular product or market needs. Battery specification is no longer as simple as it used to be.

See also High Power Batteries
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High Power Batteries
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High Power Batteries (More than 5Ah)

Some batteries need to be "Bomb Proof"

Design Considerations
For low power applications such as mobile phones or power tools where the typical cost of a battery may be £10 or less, batteries are often

considered as consumables and battery maintenance is not usually a high priority. But for high power Traction Applications such as electric

vehicles (EVs) and hybrid electric vehicles (HEVs) where batteries may cost thousands of pounds, maximising the Battery Life becomes a major
design objective.

Battery designs may be optimised for capacity or for power handling capability, often called "rate". For example, in EV applications, range is most
important and so they use high capacity batteries. HEVs on the other hand require smaller batteries which can provide a high instantaneous power

boost and they use high rate batteries. The section on Cell Construction explains the design trade-offs involved.

Deep cycle batteries are designed to be discharged down to as much as 80% depth of discharge time after time, and have much thicker plates that

a standard automotive battery.

Many high power batteries are also used in safety critical applications or for providing emergency power. The overriding design goal is that they
should be able to deliver their specified power whenever they are called upon to do so. For this the user needs to be able to monitor the condition

of the battery (known as the State of Health) at any time and to be have available tools and procedures to maintain the battery in top working

http://www.mpoweruk.com/high_power.htm (1 of 2)5/14/09 11:44 AM



http://www.mpoweruk.com/index.htm
http://www.woodbank.com/
http://www.bestmag.co.uk/
mailto:?SUBJECT=Interesting%20web%20page%3A%3C%3C%20High%20Power%20Batteries%20%3E%3E&BODY=You%20can%20find%20the%20page%20at%3A%20http%3A//www.mpoweruk.com/high_power.htm%20in%20the%20MPower%20Battery%20Technology%20Knowledge%20Base.

High Power Batteries

condition.

In many applications high power batteries also generate excessive heat and Thermal Management also becomes a necessary design

consideration. In the quest to get the maximum energy storage or maximum power delivery from practical battery installations many novel Cell
Chemistries have been developed. These are almost always secondary cells, but some single use batteries have been developed for emergency

or military applications.
Because of their high energy content the consequences of failure of these cells can be very dangerous. See the section on Safety for an indication
of the destructive power of a shorted cell.

Safety considerations should therefore be high on the designer's priority list.

See also Low Power Batteries
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Battery Testing, Test Methods and Procedures

| Glectropnedin Battery and Energy Technologies

Technologies Battery Testing
Low Power Cells

High Power Cells Testing is designed to tell us things we want to know about individual cells and batteries.
Chargers & Charging

Some typical questions are:
Battery Management

. Isit fully charged ?
Battery Testing . How much charge is left in the battery ?

Cell Chemistries . Does it meet the manufacturer's specification ?

. Has there been any deterioration in performance since it was new ?
Free Report

I%

How long will it last ?
Buying Batteries in

. Do the safety devices all work ?

China . Does it generate interference or electrical noise ?

Choosing a Battery . Is it affected by interference or electrical noise ?

How to Specify

Batteries

The answers are not always straightforward.

Indirect Measurements

Although all of the cell parameters the design engineer may wish to measure can be quantified by direct measurement, this is not always

convenient or possible . For example the amount of charge left in the battery, the State of Charge (SOC) can be determined by fully discharging

the battery and measuring the energy output. This takes time, it wastes energy, each test cycle shortens the battery life and it may not be practical
if the battery is in use. It would also be pointless for a primary cell. For more detailed information of how this is done see the State of Charge page.

Similarly, the remaining life of a secondary cell can be determined by continuously cycling it until it fails, but there's no point in knowing the cell life

expectation if you have to destroy it to find out. This is known as the State of Health (SOH) of the battery.
What is needed are simple tests or measurements which can be used as an approximation to, or indirect measure of, the desired parameter. For

more information see the State of Health page

Test Conditions

In all of the following tests, and testing in general, the test conditions must be specified so that repeatable results can be obtained, and meaningful
comparisons can be made. This includes factors such as method, temperature, DOD, load and duty cycle. For instance the cell capacity and cycle
life, two key performance indicators could vary by 50% or more depending on the temperature and the discharge rate at which the tests were

carried out. See also cell Performance Characteristics.
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Battery specifications should always include the test conditions to avoid ambiguity.

Qualification Testing

Qualification testing is designed to determine whether a cell or battery is fit for the purpose for which it was intended before it is approved for use in
the product. This is particularly important if the cell is to be used in a "mission critical" application. These are comprehensive tests carried out
initially on a small number of cells including testing some of them to destruction if necessary. As a second stage, qualification also includes testing
finished battery packs before the product is approved for release to the customer. The tests are usually carried out to verify that the cells meet the
manufacturer's specification but they could also be used to test the cells to arbitrary limits set by the applications engineer to determine how long

the cells survive under adverse conditions or unusual loads, to determine failure modes or safety factors.

The battery packs should also be tested with the charger recommended for the application to ensure compatibility. In particular the potential user

patterns must be evaluated to ensure that the batteries do not become inadvertently overcharged. See also the section on Chargers.

Shake and Bake
. Mechanical Testing
Typical tests are included in the safety standards below. They include simple tests for dimensional accuracy to dynamic testing to verify that

the product can survive any static and dynamic mechanical stresses to which it may be subject.

. Environmental Testing
Typical tests are included in the safety standards below. They are designed to exercise the product through all the environmental conditions

likely to be encountered by the product during its lifetime.

Abuse Testing

The purpose of abuse testing is to verify that the battery is not a danger to the user or to itself either by accidental or deliberate abuse under any
conceivable conditions of use. Designing foolproof batteries is ever more difficult because as we know, fools are so ingenious.

Abuse testing (always interesting to witness) is usually specified as part of the Safety Testing (below). Recent accidents with Lithium cells have
highlighted the potential dangers and stricter battery design rules and a wider range of tests are being applied as well as stricter Transport

Regulations for shipping the products.

Safety Standards

Consumer products normally have to comply with national or international Safety Standards required by the safety organisations of the countries in
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which the products are sold. Examples are UL, ANSI, CSA and IEC standards.

Typical contents

Safety Tests

Casing
Failsafe electronics
. Strength, rigidity and flammability

. Mould stress (Temperature)

Marking
. Venting

Instructions for use
. Insulation

Safety instructions
. Electrolyte not under pressure

. No leakage
Mechanical tests
. No explosion or fire risk
. Crush tests

. Nail penetration tests
Protection from or tolerance to
. Shock test
. Short circuit
. Vibration test
. Overcharge (time)
. Impact test
. Overcharge (voltage)
. Drop test
. Over-discharge

. Voltage reversal
Environmental tests

. High temperature

. Heating
. Low temperature

. Temperature cycling
. Misuse

. Altitude
. Abuse

. Humidity

. Exposure to fire
Power output - Load test

The published safety standards specify the method of testing and the limits with which the product must comply.

DEF Standards
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Cells used in military applications usually have to meet more stringent requirements than those used in consumer products.

Cycle testing

This is perhaps the most important of the qualification tests. Cells are subjected to repeated charge - discharge cycles to verify that the cells meet
or exceed the manufacturer's claimed cycle life. Cycle life is usually defined as the number of charge - discharge cycles a battery can perform
before its nominal capacity falls below 80% of its initial rated capacity. These tests are needed to verify that the battery performance is in line with

the end product reliability and lifetime expectations and will not result in excessive guarantee or warranty claims.

Temperature, charge/discharge rates and the Depth of Discharge each have a major influence on the cycle life of the cells (See the page on Cycle
Life) Depending on the purpose of the tests, the temperature and the DOD should be controlled at an agreed reference level in order to have
repeatable results which can be compared with a standard. Alternatively the tests can be used to simulate operating conditions in which the

temperature is allowed to rise, or the DOD restricted, to determine how the cycle life will be affected.

Similarly cycle life is affected by over charging and over discharging and it is vital to set the correct voltage and current limits if the manufacturer's

specification is to be verified.

Cycle testing is usually carried out banks of cells using multi channel testers which can create different charge and discharge profiles including
pulsed inputs and loads. At the same time various cell performance parameters such as temperature, capacity, impedance, power output and
discharge time can be monitored and recorded. Typically it takes about 5 hours for a controlled full charge discharge cycle. This means testing to
1000 cycles will take 208 days assuming working 7 days per week 24 hours per day. Thus it takes a long time to verify the effect of any ongoing
improvements made to the cells. Because the ageing process is continuous and fairly linear, it is possible to predict the lifetime of a cell from a
smaller number of cycles. However to prove it conclusively in order to guarantee a product lifetime would require a large number of cells and a

long time. For high power batteries this could be very expensive.

Load testing

Load testing is used to verify that the battery can deliver its specified power when needed.

The load is usually designed to be representative of the expected conditions in which the battery may be used. It may be a constant load at the C
rate or pulsed loads at higher current rates or in the case of automotive batteries, the load may be designed to simulate a typical driving pattern.
Low power testing is usually carried out with resistive loads. For very high power testing with variable loads other techniques may be required. A
Ward-Leonard controller may be used to provide the variable load profile with the battery power being returned to the mains supply rather than

being dissipated in a load.
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Note that the battery may appear to have a greater capacity when it is discharged intermittently than it may have when it is discharged
continuously. This is because the battery is able to recover during the idle periods between heavy intermittent current drains. Thus testing a battery

capacity with a continuous high current drain will not necessarily give results which represent the capacity achievable with the actual usage profile.

Load testing is often required to be carried out with variable load levels. This may simply be pulsed loads or it could be more complex high power
load profiles such as those required for electric vehicle batteries. Standard load profiles such as the Federal Urban Driving Schedule (FUDS) and
the Dynamic Stress Test (DST) specified by the United Sates Advanced Battery Consortium (USABC), in the USA, and the United Nations

Economic Commission for Europe specification (ECE-15) and the Extra Urban Driving Cycle (EUDC) in Europe have been developed to simulate

driving conditions and several manufacturers have incorporated these profiles into their test equipment.
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While these standard usage cycles have been developed to provide a basis for comparison, it should be noted that the typical user doesn't

necessarily drive according to these cycles and is likely to accelerate at least twice as fast as the allowed for in the standards.

Calorimetry

Battery thermal management is critical for high-power battery packs. Obtaining accurate heat generation data from battery modules is essential for
designing battery thermal management systems. A calorimeter is used to quantify the total amount of heat generated by the battery while it is
cycled through its charge/discharge cycles. This is essentially an insulated box into which the battery is placed which captures and measures the
heat generated the battery during cycling. The system is calibrated by comparing the heat generated by the battery with the heat generated by a

known heat source.

http://www.mpoweruk.com/testing.htm (5 of 10)5/14/09 11:44 AM




Battery Testing, Test Methods and Procedures

Thermal imaging

13 e 2
12 ?ui‘r:

Ep.72
SPOT i |
1l 30.5°¢C
30.2

50°C

LEMG 1

£1.5

TIF FILE
TP
= LERIT

THEFWCAN

Thermal imaging is used to check for "hot spots" which would indicate points of high thermal stress in the cell or the battery pack. Itis a
photographic technique which records the intensity of the infra red radiation emitted by a subject using a special camera. The image on the left is
of a lithium ion pouch cell after a prolonged discharge at 4C. In this case the temperature is evenly distributed within the cell and the cell terminals
are running cool. These tests can help to identify problems such as overheating, inadequate heat sinking or air flow, undersized current conductors
and interference from neighbouring cells or devices. The images can also be used to determine the best location for the temperature sensors used

in protection circuits.

Electromagnetic Compatibility (EMC) testing

Electromagnetic compatibility (EMC) is the ability of electronic and electrical equipment and systems to operate without adversely affecting other
electrical or electronic equipment OR being affected by other sources of interference such as power line transients, radio frequency (RF) signals,
digital pulses, electrical machinery, lightning, or other influences.

Note that EMC concerns both the emission of electromagnetic interference (EMI or radio frequency interference RFI) by a product or device and
the product's susceptibility to EMI emitted from other sources. The interference may be conducted through power or signal cables or the chassis of

the equipment, it may be propagated through inductive or capacitive coupling or it may be radiated through the atmosphere.

Just because batteries are DC devices we can not assume that they are immune from EMC problems. At MPower we have seen the battery
protection circuitry in a two way radio disabled by RF interference from the handset's transmitter. Similar problems are possible in automotive
applications where the power cabling is notoriously noisy due to interference from the ignition systems and transients from electric motors and
switches. While the battery itself may not emit RF interference, the same can not be said of the charger. Many chargers use switch mode
regulators which are also notorious for emitting electrical noise. Radiated EMI can be critical to such applications as heart pacemakers, medical

instrumentation, communications equipment and military applications.

As with many problems prevention is better than cure and it is wise to start considering EMC at the earliest possible stage of the design to avoid

costly design changes when the project is submitted for final approval. This may involve system design choices such as operating frequencies,
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circuit layouts and enclosure design and the avoidance of designs with high transient currents.
Various techniques are used to minimise the effects EMI. Sensitive parts of the circuit may be physically separated from sources of interference,
the equipment may be enclosed in a sealed metal box, individual parts of the circuits may be shielded with metal foil, filters can be added to cables

to filter out the noise,

EMC testing involves specialised test equipment and facilities. Testing must be carried out in an environment free from other sources of EMI. This
usually means an anechoic chamber or a Faraday cage. Special wide range signal sources and sensitive receivers are needed to generate and

measure the interference.

Some examples of EMC requirements are give in the section on Standards

Process audits

Conducting a process audit of the cell manufacturer's production facilities is further way of gaining confidence in the cells under consideration
however this option is usually available only to major purchasers of high volume or high cost cells. Unless you are one of these you will have to
rely on your friendly pack maker who possibly qualifies for special treatment.

The process audit involves verifying that the cell maker has appropriate quality systems in place and that these are being fully implemented at
every stage of the manufacturing process. To be effective this task needs to be conducted by a team with specialist industry knowledge. Again this

is a job best left to your pack maker who should have the necessary experience and credibility with the cell makers.

Inspection and Production Testing

The purpose of inspection production testing is to verify that the cells which have been purchased and the products built with them conform to
agreed specifications. These tend to be short tests carried out on 100% of the throughput or on representative samples. The composition of the
materials from which the components are made should not be overlooked. We have seen examples of unscrupulous suppliers plating connectors
with a gold coloured alloy rather than the gold specified and using cheap plastics which buckle in the heat rather than the high quality plastics

required.

Typical tests include both mechanical and electrical tests. The components are checked for dimensional accuracy and sample subassemblies are
subject to weld strength testing of the interconnections. Electrical parameters measured include the internal impedance and the output voltage of
the cell or battery pack with or without a load. The battery is also submitted to short duration charging and discharging pulses of about 2

milliseconds to check that the unit accepts and can deliver charge.

Battery packs are normally subjected to more comprehensive testing to ensure that the electronics are functioning correctly. The protection circuit
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is checked by applying a short circuit across the battery terminals for 1 or 2 seconds and checking that the current path is cut within the prescribed
period and that the battery recovers afterwards. The output of the fuel gauge is checked and if the battery has built in memory, the data such as

cell chemistry code, date and serial number are read out and recorded to permit traceability.

Charge conditioning or_Formation
This is normally carried out by the cell manufacturer but in some circumstances it could be the responsibility of the battery pack assembiler. In any

case the cells must be tested to ensure that they are ready to deliver current.

Performance Monitoring
Performance monitoring is used to verify whether the cell is continuing to perform as required once it is in use in the application for which it was

specified. These are individual tests specified by t he user.

There are no simple direct measurements, such as placing a voltmeter across the terminals, to determine the condition of the battery. The
voltmeter reading may tell us something about the state of charge (with an enormous margin of error), but it cannot tell us how well the battery will

deliver current when demanded.

Internal Resistance

It is necessary to know the internal resistance of the cell in order to calculate the Joule heat generation or I12R power loss in the cell, however a

simple measurement with an ohmmeter is not possible because the current generated by the cell itself interferes with the measurement.

To determine the internal resistance, first it is necessary to measure the open circuit voltage of the cell. Then a load should be connected across
the cell causing a current to flow. This will reduce the cell voltage due to the IR voltage drop across the cell which corresponds to the cell's internal
resistance. The cell voltage should then be measured again when the current is flowing. The resistance is calculated by ohms law from the voltage

difference between the two measurements and the current which is flowing through the cell.

Open Circuit Voltage OCV

Measuring a battery's open circuit voltage is not a reliable measure of its ability to deliver current. As a battery ages, its internal resistance builds
up. This will reduce the battery's ability to accept and to hold charge, but the open circuit voltage will still appear normal despite the reduced
capacity of the battery. Comparing the actual internal resistance with the resistance of a new battery will provide an indication of any deterioration

in battery performance.

State Of Charge (SOC)
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For many applications the user needs to know how much energy is left in a battery. The SOC is also a fundamental parameter which must be

monitored and controlled in Battery Management Systems. The methods of estimating the SOC are explained in the section on State Of Charge.

State Of Health (SOH)
The State of Health is a measure of a battery's ability to deliver the specified current when called upon to do so. It is an important factor for
monitoring battery performance once it has entered into use. This is treated briefly in the section below and more fully in the section on State Of

Health.

Impedance and Conductance Testing

The discussion about the battery equivalent circuit in the section on Performance Characteristics shows that we can expect the battery impedance

to increase with age.

Battery manufacturers have their own definitions and conventions for Impedance and Conductance based on the test method used. Though not
strictly correct they serve their purpose.

The test method involves applying a small AC voltage "E" of known frequency and amplitude across the cell and measuring the in phase AC
current "I" that flows in response to it.

The Impedance "Z " is calculated by Ohm's Law to be Z=E/I

The Conductance "C" is similarly calculated as C=I/E (the reciprocal of the impedance)

Note that the impedance increases as the battery deteriorates while the conductance decreases. Thus C correlates directly with the battery's ability
to produce current whereas Z gives an inverse correlation. The conductance of the cell therefore provides an indirect approximation to the State of
Health of the cell. This measurement can be refined by taking other factors into account. These are outlined in the page about State of Health.

In addition to impedance and conductance these tests will obviously detect cell defects such as shorts, and open circuits.

These test methods can be used with different cell chemistries however different calibration factors must be built into the test equipment to take

into account differences in the aging profiles of the different chemistries.

Impedance and conductance testing are reliable, safe, accurate, fast and they don't affect the battery performance. They can be carried out while

the battery is in use or they can be used to continuously monitor the battery performance, avoiding the need for load testing or discharge testing.

DC measurements
Note that DC measurements do not recognise capacitance changes and therefore measurements of the internal resistance of the cell do not

correlate so well with the SOH of the cell.
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Using a conventional ohmmeter for measuring the resistance of the cables, contacts and inter-cell links is not satisfactory because the resistance
is very low and the resistance of the instrument leads and the contacts causes significant errors. More accuracy can be achieved by using a Kelvin
Bridge which separates the voltage measuring leads from the current source leads and thus avoids the error caused by the volt drop along the

current source leads. See also charger voltage sensing.

Battery Analysers

Battery analysers are designed to provide an quick indication of the State of Health (SOH) of the battery. Some analysers also have the dual
function of reconditioning the battery.

There are no industry standards for this equipment, mainly because there is no standard definition of State of Health. Each equipment
manufacturer has their own favourite way defining and measuring it, from a simple conductance measurement to a weighted average of several
measured parameters and the test equipment is designed to provide the corresponding answer. This should not be a problem if the same

equipment is used consistently, however it does cause problems if equipment from different manufacturers is used to carry out the tests.

Failure Analysis
Cell failure analysis is best carried out by the cell manufacturers. Only they will have the detailed specifications of the cell mechanical and chemical
components and it normally requires access to expensive analytical equipment such as electron microscopes and mass spectrometers which they

should be expected to have. More information see Why Batteries Fail and Lithium Battery Failures
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Battery and Cell Chemistries. Battery primer.

Glectropnedin Battery and Energy Technologies

Technologies Cell Chemistries
Low Power Cells How Cells Work

High Power Cells

Chargers & Charging Galvanic Action

Battery Management

In simple terms, batteries can be considered as electron pumps. The internal chemical reaction within the battery between the electrolyte and the

Battery Testin negative metal electrode produces a build up of free electrons, & each with a negative charge, at the battery's negative (-) terminal - the anode.
Cell Chemistries The chemical reaction between the electrolyte and the positive (+) electrode inside the battery produces an excess of positive (+) ions 4+ (atoms

FAQ that are missing electrons, thus with a net positive charge) at the positive (+) terminal - the cathode of the battery. The electrical (pump) pressure
Free Report or potential difference between the + and - terminals is called voltage or electromotive force (EMF).

Buying Batteries in

China Different metals have different affinities for electrons. When two dissimilar metals (or metal compounds) are put in contact or connected through a
conducting medium there is a tendency for electrons to pass from the metal with the smaller affinity for electrons, which becomes positively

How to Specify charged, to the metal with the greater affinity which becomes negatively charged. A potential difference between the metals will therefore build up
Batteries until it just balances the tendency of the electron transfer between the metals. At this point the "equilibrium potential” is that which balances the

difference between the propensity of the two metals to gain or lose electrons.

A battery or galvanic cell stores energy in chemical form in its active materials and can this convert this to electrical energy on demand, typically by

means of an electrochemical oxidation-reduction (redox) reaction. (Note the generic name "redox" seems to have been appropriated by a recent

flow battery design employing two vanadium redox couples).

Each galvanic or energy cell consists of at least three and sometimes four components

1. The anode or negative electrode (the reducing or fuel electrode) which gives up electrons to the external circuit and is oxidised during the

elecrochemical (discharge) reaction. It is generally a metal or an alloy but hydrogen is also used. The anodic process is the oxidation of the
metal to form metal ions.
(LEO Lose Electrons - Oxidation)

2. The cathode or positive electrode (the oxidising electrode) which accepts electrons from the external circuit and is reduced during the
electrochemical (discharge) reaction. It is usually an metallic oxide or a sulfide but oxygen is also used. The cathodic process is the
reduction of the oxide to leave the metal.

(GER Gain Electrons - Reduction). Remember the mnemonic of the lion growling.
3. The electrolyte (the ionic conductor) which provides the medium for transfer of charge as ions inside the cell between the anode and

cathode. The electrolyte is typically a solvent containing dissolved chemicals providing ionic conductivity. It should be a non-conductor of
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electrons to avoid self discharge of the cell.

4. The separator which electrically isolates the positive and negative electrodes.

The Discharge Process

When the battery is fully charged there is a surplus of electrons on the anode giving it a negative charge and a deficit on the cathode giving it a
positive charge resulting in a potential difference across the cell.

When the circuit is completed the surplus electrons flow in the external circuit from the negatively charged anode which loses all its charge to the
positively charged cathode which accepts it, neutralising its positive charge. This action reduces the potential difference across the cell to zero.
The circuit is completed or balanced by the flow of positive ions in the electrolyte from the anode to the cathode.

Since the electrons are negatively charged the electrical current they represent flows in the opposite direction, from the cathode (positive terminal)

to the anode (negative terminal).
Two Electrolyte Systems

The principles of the Galvanic cell can be demonstrated by the workings of the Daniell cell, a two electrolyte system.

The positive pole of the
The negative pole of the battery
battery

Zinc loses electrons more readily

Current Flow —=

than copper
+—FElectron Flow PP

Accepts electrons from the Salt Bridge Zn Supplies electrons to the
external circuit external circuit
Copper metal deposits on the

Zinc goes into aqueous solution
cathode
The site of Reduction \ The site of Oxidation

CusQu{aq) Zn30,(aq)
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The half-cell with the highest The half-cell with the lowest
electrode potential electrode potential
GER LEO

Two electrolyte primary cell systems have been around since 1836 when the Daniell cell was invented to overcome the problems of polarisation.
This arrangement illustrates that there are effectively two half cells at which the chemical actions take place. Each electrode is immersed in a
different electrolyte with which it reacts. The electrode potential, either positive or negative, is the voltage developed by the single electrode. The
electrolytes are separated from each other by a salt bridge or porous membrane which is neutral and takes no part in the reaction. By the
process of osmosis, it allows the sulphate ions to pass but blocks the metallic ions.

This two electrolyte scheme allows more degrees of freedom or control over the chemical process.

Although more complex these cells enabled longer life cells to be constructed by optimising the electrolyte/electrode combination separately at
each electrode.

More recently they have been employed as the basis for Flow Batteries in which the electrolytes are pumped through the battery, providing almost

unlimited capacity.

Zinc is a very popular anode material and the chemical action above causes it to dissolve in the electrolyte.

The Daniell cell shown can be said to "burn zinc and deposit copper"

Note- The simple, single electrolyte cell can also be represented by two half cells. It can be considered a special case of a Daniell cell with the two

electrolytes being the same.

The model of the cell as two half cells is used by electro-chemists and cell designers to calculate electrode potentials and and characterise the
chemical reactions within the cell. The cell voltage or electromotive force (EMF) for the external current derived from a cell is the difference in
the standard electrode potentials of the two half cell reactions under standard conditions. But real voltaic cells will typically differ from the standard
conditions. The Nernst equation relates the actual voltage of a chemical cell to the standard electrode potentials taking into account the
temperature and the concentrations of the reactants and products. The EMF of the cell will decrease as the concentration of the active chemicals
diminishes as they are used up until one of the chemicals is completely exhausted.

The theoretical energy available from the cell can be calculated using Gibbs free energy equation for the initial and final equilibrium states.

Fortunately such intimate knowledge of cell chemistry and thermodynamics is not usually required by the battery applications engineer.
Primary cells

In primary cells this electrochemical reaction is not reversible. During discharging the chemical compounds are permanently changed and electrical

energy is released until the original compounds are completely exhausted. Thus the cells can be used only once.
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Secondary cells

In secondary cells this elecrochemical reaction is reversible and the original chemical compounds can be reconstituted by the application of an

electrical potential between the electrodes injecting energy into the cell. Such cells can be discharged and recharged many times.

Rechargeable Battery Action (Much Simplified)

The Charging Process

The charger strips electrons from the cathode leaving it with a net positive charge and forces them onto the anode giving it a negative charge. The
energy pumped into the cell transforms the active chemicals back to their original state.

Choice of Active Chemicals

The voltage and current generated by a galvanic cell is directly related to the types of materials used in the electrodes and electrolyte.

The propensity of an individual metal or metal compound to gain or lose electrons in relation to another material is known as its electrode potential.
Thus the strengths of oxidizing and reducing agents are indicated by their standard electrode potentials. Compounds with a positive electrode
potential are used for anodes and those with a negative electrode potential for cathodes. The larger the difference between the electrode potentials
of the anode and cathode, the greater the EMF of the cell and the greater the amount of energy that can be produced by the cell.

Electrochemical Series is a list or table of metallic elements or ions arranged according to their electrode potentials. The order shows the

tendency of one metal to reduce the ions of any other metal below it in the series.

A sample from the table of standard potentials shows the extremes of the table.

http://www.mpoweruk.com/chemistries.htm (4 of 13)5/14/09 11:45 AM





Battery and Cell Chemistries. Battery primer.

http://www.mpoweruk.com/chemistries.htm (5 of 13)5/14/09 11:45 AM

Strengths of Oxidizing

and Reducing Agents

Cathode (Reduction) Standard Potential
Half-Reaction E ° (volts)
Li + (aqg) + e - -> Li(s) -3.04
K + (aq) + e - -> K(s) -2.92
Ca 2+ (aq) + 2e - -> Ca(s) -2.76
Na + (ag) + e - -> Na(s) -2.71
Zn 2+ (aq) + 2e - -> Zn(s) -0.76
Cu 2+ (aq) + 2e - -> Cu(s) 0.34
03(@)+2H+(ag) +2e-->02(g) +H2O(l) 2.07
F 2 (g) + 2e - -> 2F - (aq) 2.87

Anode Materials

(Negative Terminals)
[ ST MestNegatbe ]
Lithium
Magnesium
Aluminium
Zinc
Chromium
Iron
Nickel
Tin
Lead
Hydrogen
Copper
Silver

Palladium

The values for the table entries are reduction potentials, so lithium at the top of the list has the most negative number, indicating that it is the

strongest reducing agent. The strongest oxidizing agent is fluorine with the largest positive number for standard electrode potential.

The table below shows some common chemicals used for battery electrodes arranged in order of their relative electrode potentials.

Cathode Materials

(Positive Terminals)
[ EeSTMoxPosie ]
Ferrate
Iron Oxide
Cuprous Oxide
lodate
Cupric Oxide
Mercuric Oxide
Cobaltic Oxide
Manganese Dioxide
Lead Dioxide
Silver Oxide
Oxygen
Nickel Oxyhydroxide
Nickel Dioxide
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Mercury Silver Peroxide
Platinum Permanganate
Gold Bromate
WORST Least Negative WORST Least Positive

Cells using aqueous (containing water) electrolytes are limited in voltage to less than 2 Volts because the oxygen and hydrogen in water dissociate
in the presence of voltages above this voltage. Lithium batteries (see below) which use non-aqueous electrolytes do not have this problem and are
available in voltages between 2.7 and 3.7 Volts. However the use of non-aqueous electrolytes results in those cells having a relatively high internal

impedance.

Alternative chemical reactions
More recently new cell chemistries have been developed using alternative chemical reactions to the traditional redox scheme.

Metal Hydride Cells

Metal hydride cell chemistry depends on the ability of some metals to absorb large quantities of hydrogen. These metallic alloys, termed hydrides,
can provide a storage sink of hydrogen that can reversibly react in battery cell chemistry. Such metals or alloys are used for the negative
electrodes.The positive electrode is Nickel hydroxide as in NiCad batteries. The electrolyte, which is also a hydrogen absorbent aqueous solution

such as potassium hydroxide, takes no part in the reaction but serves to transport the hydrogen between the electrodes.

Lithium lon Cells
Rather than the traditional redox galvanic action, Lithium ion secondary cell chemistry depends on an "intercalation” mechanism . This involves the
insertion of lithium ions into the crystalline lattice of the host electrode without changing its crystal structure. These electrodes have two key
properties

1. Open crystal structures which allow the the insertion or extraction of lithium ions

2. The ability to accept compensating electrons at the same time
Such electrodes are called intercalation hosts.
In a typical Lithium cell, the anode or negative electrode is based on Carbon and the cathode or positive electrode is made from Lithium Cobalt
Dioxide or Lithium Manganese Dioxide. (Other chemistries are also possible)
Since Lithium reacts violently with water, the electrolyte is composed of non aqueous organic Lithium salts and acts purely as a conducting
medium and does not take part in the chemical action, and since no water is involved in the chemical action, the evolution of hydrogen and oxygen

gases, as in many other batteries, is also eliminated.
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The electrolyte reacts vigorously with the carbon anode during
the initial formation charge and a thin passivating SEI layer

builds up moderating the charge rate and restricting current

performance.

thermal runaway.
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SEl Layer

Anode Current Collector

Copper

During discharge Lithium ions are dissociated from the anode and migrate across the electrolyte and are inserted into the crystal structure of the
host compound. At the same time the compensating electrons travel in the external circuit and are accepted by the host to balance the reaction.
The process is completely reversible. Thus the Lithium ions pass back and forth between the electrodes during charging and discharging. This has

given rise to the names "Rocking chair", "Swing" or "Shuttlecock" cells for the Lithium ion batteries.

The SEI layer is essential for the stability of Lithium secondary cells using carbon anodes

Electrolyte
Lithium Salt
Dissolved in
Organic, Solvent
A Cathode Current Collector
' Alumninium

x.

Anode / . cathode
Carbon SE | Separatol | ihium Metal Oxide

Passivatng Layer

The deposition of the SEI layer is an essential part of the formation process when the cells take their first charge.

BUT the SEI layer increases the cell internal impedance and reduces the possible charge rates as well as the high and low temperature

Excessive heat can cause the protective SEI barrier layer to beak down allowing the anode reaction to restart releasing more heat leading to
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The thickness of the SEI layer increases with age reducing cell capacity and hence cycle life.

Lithium Titanate Oxide (LTO) anodes do not react adversely with the commonly used electrolytes in Lithium lon cells hence no SEI layer is

formed nor is it needed in LTO cells. This allows new degrees of freedom in mofifying cell performance. See Lithium Cell Variants

Variations on the Lithium technology are also used in primary cells which were originally developed for space and military applications. These
include Lithium-thionyl chloride and Lithium-sulphur dioxide chemistries which use reactive electrolytes and liquid cathodes to obtain higher energy

and power densities.
Alternative chemistries - Special flavours

Designing a better battery is not simply a matter of choosing a pair of elements with a larger difference in electrode potentials, there are many
other factors which come into play. These may be: availability and cost of the raw materials, stability or safety of the chemical mix,
manufacturability of the components, reversibility of the electrochemical reaction, conductivity of the components, operating temperature range and
quite possibly the desire to circumvent some other manufacturer's patent. All of these considerations lead to the use a limited range of basic

chemistries but with a wider variety of proprietary material formulations.

Over the years a wide range of cell chemistries and additives has been developed to optimise cell performance for different applications.
Alternative active compounds may be substituted to increase energy densities (See below), increase the current capacity, reduce internal
impedance, reduce the self discharge, increase the terminal voltage, improve the coulombic efficiency or reduce costs.

Additional compounds may be incorporated to modify the behaviour of the active compounds to increase cycle life, to prevent corrosion or leakage,
to control polarisation or to increase safety. These could include catalysts which may be used to promote or accelerate desired chemical actions
such as recombination of the active chemicals in sealed cells. They could also include inhibitors which may be added to slow down or prevent

unwanted physical or chemical actions such as the formation of dendrites.

Added to the range of available cell chemistries are the different cell capacities and physical constructions of the cells, the battery applications

engineer thus has a wide variety of options from which to choose.

Energy Density

The energy density is a measure of the amount of energy per unit weight or per unit volume which can be stored in a battery. Thus for a given
weight or volume a higher energy density cell chemistry will store more energy or alternatively for a given storage capacity a higher energy density

cell will be smaller and lighter. The chart below shows some typical examples.

Relative Energy Density of Some Common Secondary Cell Chemistries
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In general higher energy densities are obtained by using more reactive chemicals. The downside is that more reactive chemicals tend to be

unstable and may require special safety precautions. The energy density is also dependent on the quality of the active materials used in cell

construction with impurities limiting the cell capacities which can be achieved. This is why cells from different manufacturers with similar cell

chemistries and similar construction may have a different energy content and discharge performance.

Note that there is often a difference between cylindrical and prismatic cells. This is because the quoted energy density does not usually refer to the

chemicals alone but to the whole cell, taking into account the cell casing materials and the connections. Energy density is thus influenced or limited

by the practicalities of cell construction.

Supply of the Basic Chemical Elements
Worried about the availability of exotic chemicals and the effect future demand may have on prices?

The chart below shows the relative abundance of chemical elements in the earth's crust.
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Source - U.S. Geological Survey Fact Sheet 087-02

Note - From the chart above Lithium is between 20 and 100 times more abundant in terms of the number of atoms than Lead and Nickel. The
reason it is less common is that Lithium, being much more reactive than either metal, is not usually found in its free state, but is combined with
other elements. By contrast Lead being less reactive is more often found in its free state and is easier to extract and purify. The heavy metals

Cadmium and Mercury whose use is now deprecated because of their toxicity are 1000 times less common than Lithium.

Lithium Consumption in EV and HEV Batteries

The Lithium content in a high capacity Lithium battery is actually quite small.

Taking a Lithium Cobalt cell as an example, the Lithium content in the LiCoO, cathode material is only 7% by weight. The cathode material itself
makes up between 25% and 33% of the battery weight so that the Lithium content of the electrode in the cell amounts to about 2% of the weight
cell. In addition the electrolyte which accounts for about 10% of the battery weight also contains smaller amounts of dissolved Lithium so that the

total Lithium content in a high energy battery is typically less than 3% by weight.

Lithium batteries used in EVs and HEVs weigh about 7 Kg per KWh and so that the Lithium content will be about 0.2 Kg per kWh. A typical EV
passenger vehicle may use batteries with capacities between 30KWh and 50KWh so that the Lithium content will be about 6 Kg to 10 Kg per EV
battery.

The capacity of HEV batteries is typically less than 10% of the capacity of an EV battery and the weight of Lithium used is correspondingly 10%
less.

Thus 1 million EVs would consume less than 10,000 tons of Lithium (without recycling) and 1 million HEVs would consume no more than 1,000
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tons
Considering the availabile supply of Lithium (see next section) there is more than enough Lithium available to satisfy the world demand for high

energy automotive batteries.

Lithium Supplies
Lithium is the 31st most abundant element in the Earth’s crust with an abundance of 20 ppm. This compares with Lead (14 ppm), Tin (2.3 ppm),
Cobalt (25 ppm) and Nickel (84 ppm). It is found in small amounts in nearly all igneous rocks and mineral springs with particularly large deposits in

China, North America, Brazil, Chile, Argentina, USSR, Spain, and parts of Africa.

The current estimate of exploitable reserves (apart from recovery from seawater) is estimated as 28.4 million tons. In addition the earth’s 1.4 x
1021 kilograms of seawater contain a relatively high 0.17 ppm of Lithium which means that there are over 200 billion tons of Lithium in the world’s
oceans.

The US Geological Survey reported the world production of Lithium in 2006 was 333,000 metric tons, slightly down on the previous year. China is

expected to bring on production of 45,000 tons of Lithium per year from brine based facilities in 2010

Toxicity of Lithium

In case you wondered whether there were any toxic effects associated with Lithium, it is claimed that Lithium on the contrary has therapeutic
benefits. The soft drink "7Up" started life in 1929, two months before the Wall Street Crash, with the catchy name "Bib Label Lithiated Lemon-Lime
Soda". "7Up" contained Lithium Citrate until 1950 when it was reformulated, some say because of Lithium's association with mental illness. Since
the 1940s, Lithium in the form of Lithium Carbonate has been used successfully in the treatment of mental disorder particularly manic depression.

As with most chemicals however, small doses may be safe or therapeutic, but too much can be fatal.

Make your own battery at home or at school

See Homebrew Batteries for instructions on how to make a battery using simple materials available at home.

Battery Constuction
Information about the mechanical design of batteries can be found on the following pages:
. Cell Construction

. Battery Pack Design

Practical Cell Chemistries

Some of the most common cell chemistries are described and the applications for which they are suitable if you follow the links below:-
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Primary Cells
. Leclanché Cells
. Alkaline Cells
. Silver Oxide Cells
. Zinc Air Cells

. Lithium Primary Cells

. Water Activated Batteries

. Thermal Batteries

Secondary Cells
. Lead Acid
. Nickel Iron
. Nickel Cadmium

. Nickel Metal Hydride

. Nickel Zinc

. Nickel Hydrogen

. Lithium Secondary Cells

. Sodium Sulphur
. Flow Cells (Redox)

. Zebra Cells

. Other Galvanic Cells

Unusual Batteries
. Urine Battery - No its not a joke

. Ampoule Batteries

. Thin Film Batteries

. Homebrew Battery

Cell chemistry Comparison Chart

Alternative Energy Generation and Storage Methods

. Capacitors and Supercapacitors

. Fuel Cells
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. Solar Cells

. Non-Chemical Energy Storage Methods
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Electropaedia Frequently Asked Questions - FAQ and Business Mission

| Glectropnedin Battery and Energy Technologies

Technologies Frequently Asked Questions
Low Power Cells [

About Us. What we do and what we don't do.
High Power Cells

Chargers & Charging

1) Who is Woodbank Communications?

Battery Management

2) Can you supply a battery (or charger) for my application?

Battery Testing
Cell Chemistries 3) Can you provide technical advice to solve a problem | have with my battery application?

4) Can you please provide more details or explanations of topics on the Web site?

Free Report 5) Can you please help me my homework / hobby / research project?

I%

Buying Batteries in 6) How can | make a contribution (information - not money) to your Web site?

China 7) Can you please exchange links with my Web site?

Choosing a Battery 8) Why do the Electropaedia pages appear on the mpoweruk.com domain?

How to Specify
Batteries Answers

Sponsors

1) Who is Woodbank Communications?

Woodbank Communications Ltd. is a consultancy company providing training on Batteries and Battery Management Sytems for electric traction,

and high capacity energy storage applications.

2) Can you supply a battery (or charger) for my application?
No. We don't supply batteries or chargers. However we do have extensive contacts in the battery manufacturing business and if you have a high
volume requirement for a custom design we can pass on your request to a suitable battery or charger manufacturer.
If you wish to take advantage of this offer, please note that it applies to custom batteries and their associated chargers only and that suppliers will
expect conditions, such as the following, to apply:

. Most suppliers will levy non recurring engineering (NRE) development and tooling costs which could be between £100,000 and £250,000 or

more for an automotive (EV) battery, depending on the complexity of the project. See Battery Pack Costs

. The pre-production samples (the first five or more units) will probablly cost about double the cost of volume production units.
. Suppliers will most likely not take on the development unless it is accompanied by a firm commitment to follow through with a volume

manufacturing contract.

It you are prepared to accept these conditions, go to our Quotation Page to let us know your requirements. There is no charge for this service.
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Please note that this service for high volume custom batteries and chargers only. We do not have the resources to procure or sell standard

batteries, replacement batteries, batteries for low volume projects or their associated chargers.

3) Can you provide technical advice to solve a problem | have with my battery application?
We try to provide as much helpful information as possible on this web site but we do not have the resources to answer enquiries about individual
technical problems on a free of charge basis nor do we solicit such business. Our business is providing technical training on batteries and battery

applications for which we charge a fee. If you wish to take advantage of this service please email us at Woodbank Communications

4) Can you please provide more details or explanations of topics on the Web site?

and

5) Can you please help me my homework / hobby / research project?

The information provided by Woodbank Communications is given freely but limited to what is published here on the Web site. So please don't ask
for more details, explanations or technical advice, nor for help with homework, hobby or research projects. Hopefully you will find what you want

here on the site.

6) How can | make a contribution to your Web site?

Thank you for your offer. If you have some interesting information to contribute to the site, please use the Feedback Form for this purpose.

7) Can you please exchange links with my Web site?
We have no objections to anybody linking to the Electropaedia Web site and we are flattered by offers to exchange links, however you probably

noticed that the only external links on our site are to our sponsors.

8) Why do the Electropaedia pages appear on the mpoweruk.com domain?

This is a legacy issue. All of the information on the Electropaedia web site was written by Woodbank Communications and much of it first appeared
on the MPoweruk site and many users linked to this site. When the MPower business was wound up, Woodbank Communications took on the
responsibility for maintaining the MPoweruk web site which was relaunched and expanded under the banner of Electropaedia. Rather than
transferring all of the pages to a new domain, the original domain has been maintained to avoid breaking the links from those sites or users who

had linked to the original MPoweruk site.
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| Glectropnedin Battery and Energy Technologies

Technologies How To Specify Batteries
Low Power Cells

High Power Cells " A
The battery industry has provided us with an enormous range of battery sizes , shapes, voltages, capacities and chemistries. With
Chargers & Charging

so many to choose from, how does the applications engineer select the optimum battery for the intended application? This section
Battery Management

outlines the information needed to specify a battery.
Battery Testing

Don't leave it too late. To avoid problems of last minute changes to the system power budget, or in finding a battery to fit the
Cell Chemistries

available space left in the product casing, the requirements for the power source should be considered as early as possible in the

design cycle.

Free Report

Rl
I %
i~
e,

Buying Batteries in

China The section on Performance Characteristics describes how cells perform in practice. The section on Battery Pack Design describes some of the
Choosing a Battery many possible battery pack functions and designs. A summary of the most commonly available cell technologies is given on the "Cell Chemistries"
How to Specif page with links to pages describing the advantages and disadvantages of each type.

Batteries

Most of the information needed to specify a battery for a particular application is listed on the "Request for Quotation" page and in the main this

should be self explanatory. Some further explanation is however given below.

Trade offs

The starting point is the application and its power consumption requirements. For many consumer applications, the design trade offs are between
cost and weight or volume and cycle life which can equally well be satisfied by a wide range of low power, low capacity batteries based on a range

of cell chemistries. Convenience is also an issue.

Customers for higher power applications and industrial users will more likely compare batteries on the cost of ownership taking into account the
capital cost, the running costs and the battery cycle life. These industrial applications may require batteries working at the limits of the technology.
In this case the trade off may be between power output and storage capacity. Knowledge of the application priorities is an important factor in

determining the technology to be used.

Performance Requirements

Details and explanations of cell behaviours are given in the section on Performance Characteristics. The applications engineer must match the cell

performance to the requirements of the application.

http://www.mpoweruk.com/how.htm (1 of 6)5/14/09 11:46 AM



http://www.mpoweruk.com/index.htm
http://www.woodbank.com/
http://www.bestmag.co.uk/
mailto:?SUBJECT=Interesting%20web%20page%3A%3C%3C%20How%20to%20Specify%20Batteries%20-%20Electropaedia%20Guide%20%3E%3E&BODY=You%20can%20find%20the%20page%20at%3A%20http%3A//www.mpoweruk.com/how.htm%20in%20the%20MPower%20Battery%20Technology%20Knowledge%20Base.

How to Specify Batteries - Electropaedia Guide

Requirement for Recharging?

The pros and cons of using rechargeable cells for the application are discussed in separate sections on Primary Cells and Secondary Cells .

Electrical Specification
The working voltages and currents required by the application are obviously needed for specifying the battery, not just the nominal, but also the

maxima and minima.

Beware of cell manufacturers' published specifications. They are not deliberately misleading but they may need some interpretation. You may find
the quoted Amphour capacity of a cell based on a prolonged discharge of 10 hours or more rather than the 1 hour at the C rate which is used for
most low power batteries. (The SAE uses 20 hours as standard). This does not give a true indication of the capacity available if the cell were to be
discharged at the C rate which could be as low as half the 20 hour capacity. On the other hand the cell capacity may be quoted at the C rate but

the cell may be designed for low discharge rates only and may not be able to sustain a prolonged continuous discharge at the C rate.

Voltage Requirements

The battery should be dimensioned to be able to support the full operating voltage range of all the devices in the application. There is no point
however in specifying a battery operating voltage range which is greater than the operating voltage limits of the application for which the battery is
intended. The battery will deliver excessive currents when it is fully charged or, if the application has a protection circuit, it will prevent the
application from starting. At the other end of the discharge curve, when the application cuts off at its lower limit, the battery becomes unusable
when there is still a substantial amount of energy left in the cells. The battery operating voltage range should therefore be less than the operating
voltage range of the circuit it is designed to power.

Note also that the battery terminal voltage decreases towards the end of the discharge cycle and this should be taken into account when specifying
the battery voltage. Similarly, at lower temperatures the battery internal impedance may increase resulting in a lower terminal voltage available to

the application.

Multiple Voltages

Many designs require multiple supply voltages because of the range of active devices used in the application. In such cases it is not necessary to
have multiple batteries. The various voltages can be derived from a single power supply rail using DC/DC converters, charge pumps and buck and
boost and LDO and switch mode regulators singly or in combination. A wide range of power management integrated circuits is available for this

purpose.

Current Requirements

The average and the pulsed current drains required by the application are key factors in determining the battery capacity and for specifying the
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associated protection circuits.

One factor often overlooked is the start-up or surge current. When equipment is first switched on, extremely high currents may flow for a very short
time until the circuit reaches its steady state condition. This could be due to capacitors charging up or other effects. This is a particular problem for
circuits powering electric motors. The current through the motor is controlled by the difference between the battery voltage and the motor's
generated voltage (otherwise called the back EMF). When the motor is first connected up to the battery (with no motor speed controller) there is no
back EMF. So the current is controlled only by the battery voltage, motor resistance (and inductance) and the battery leads. Without any back emf
before the motor starts to turn, it therefore draws a very large large surge current. It may be necessary to program a delay into fast acting
protection circuits to avoid false triggering during start-up. Alternatively it may be possible to minimise the problem by applying the load

progressively rather than instantaneously.

Similarly batteries used in UPS applications often experience a dramatic initial voltage drop when called upon This is known as a "coup de fouet"
or "whiplash." The voltage recovers after a short time once the electro-chemical discharge process is stabilised and protection circuits should

specified accordingly.

Limiting the quiescent current when the system is powered down is also an important consideration particularly if primary cells are used.

Capacity

The battery capacity required is determined by the usage profile of the application and the desired time between charges (or battery replacement
in the case of primary batteries). In general it is the average current in amps multiplied by the time between charges. The battery pack should not
be designed in isolation from the charger. Using inappropriate chargers can seriously shorten the cycle life of the battery and may even be
dangerous. The pack designer needs to interface with the charger designer to ensure that the correct charger is specified for the chosen cell

chemistry. See also the section on Chargers and the Charger Specification Checklist.

Duty Cycle
It is important to understand the pattern of current usage in order to calculate the overall current drain on the battery. The table below shows

typical usage of portable telecommunications equipment.

Standby Mode Receive Mode Transmit Mode

Percent 80% 10% 10%
Minutes per hour 48 6 6
Current drain during mode 10 mA 62 mA 325 mA
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Average current for mode 8 mA 6.2 mA 32.5 mA

More complex applications such as electric vehicles have a much more variable load pattern depending on driving conditions. An example is given

in the section on Battery Testing. These simulated load predictions are an essential tool for dimensioning a new automotive battery systems.

The battery must be able to handle the peaks as well as the average load.

Timing Issues

Specifying the usage profile of the battery is particularly important for high power applications.

Standby and emergency power applications impose particular timing requirements on the battery. Depending on the application, the battery may
be required to react to a power outage within milliseconds or seconds to avoid loss of data, process interruption or other system failures. Such
events don't occur very often but when they do the battery may be required to provide power for very short periods, just long enough for the system
to achieve a graceful shut down, or long enough for a standby generator to fire up. In these cases where the battery is expected to take over from
an AC mains source, it must be supported by a fast acting electronic inverter to convert the DC battery output to the required clean AC voltage and

frequency. The battery should therefore be specified in conjunction with the associated inverter. See also AC Batteries.

Depth of Discharge

In load levelling applications, batteries are required to provide power when the prime power source is not available or uncontrolled and intermittent.
Examples are solar and wind powered applications. In these applications the battery will be required to provide power for prolonged periods on a
daily basis. The battery is thus subject to deep discharges and many charge - discharge cycles. Special battery constructions are needed to meet
these very onerous loading conditions. For these applications it is important to specify the expected Depth of Discharge which the battery must
support as well as the Duty Cycle.

Similar requirements apply to electric and hybrid vehicle applications.

Self Discharge

All batteries progressively lose their charge over time, some much more quickly than others, even if they are not used. It is important to be aware
of the time finished batteries may be in the consumer supply pipeline, often called the shelf life, after they leave the factory. This is particularly true
with primary cells, to ensure they still have a reasonable remaining lifetime when they are eventually sold. Problems can be avoided by minimising
the time the batteries will be in the supply pipeline (including shipping times and times in the manufacturers', assemblers', wholesalers' and
retailers' inventories) or by choosing cells with a low self discharge rate.

Secondary batteries usually have a higher self discharge rate but at least they can be recharged. For rechargeable batteries the self discharge rate

affects the time between charges and this could influence the choice of cell chemistry. Some examples of typical self discharge rates are given on
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the section on Performance Characteristics.

Environmental Conditions
Batteries have a limited temperature range over which they work. Attempting to use the battery outside these limits will usually result in a
permanent degradation in performance or complete failure. The specification should therefore stipulate these limits. Note that the actual working

temperature of the battery will not be the ambient temperature but some higher temperature depending on the heat generated by the battery

application and the heat removed from the battery by conduction and radiation. See Thermal Management.
If the product operating temperature requirements exceed the battery operating limits it will be necessary to incorporate heating or cooling into the

pack as appropriate.

Dimensions, Weight and Construction

The pack designer also needs to know the dimensions of the battery or the cavity destined to contain it along with the location and specification of
the connectors and the packaging requirements for interfacing with the intended product.

The allowable weight can also be a deciding factor when choosing a cell. For a given capacity there is roughly a 4:1 ratio in the range weights of

available cells with different technologies.

Safety Requirements
The battery pack should be intrinsically safe whether attached to, or separate from, the product in which it is used and so should include at least
the necessary protection circuits. The battery will normally be designed to meet all international safety standards, but the application may have

particular monitoring and control requirements that must be specified before work can commence on the pack design. See more in the section on

Battery Safety.

International Standards

The design, manufacturing, use and disposal of batteries, as with many electrical products, are subject to a wide variety of standards and
regulations imposed by national and international regulatory organisations mainly to protect the user and the environment. The pack designer
needs to be aware of the applicable regulations in the markets in which the product will be sold and must ensure that the pack design is fully
compliant with these requirements. A list of major standards setting organisations and typical standards is given in the section on International

Standards.

Costs
The target cost of the battery is obviously an important part of the specification. The unit cost of the battery is dependent on the battery chemistry

employed, however a high cost chemistry may offer a longer cycle life. One way of comparing different options is to use the cost per cycle as the
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basis of comparison, another is the cost per Watthour of delivered energy. For consumer products these may not be the ways the product is
judged by the end user unless some attempt is made to explain the benefits of an alternative technology. More likely the battery will judged by its

contribution to the initial product (capital) cost.

When comparing the cost of battery power with other sources of power it may be necessary to take into account net present values and cash flows
as well as lifetime costing. For example, the capital cost of a lithium traction battery with its associated electric drive may be very high compared
with the cost of a petrol or diesel engine but the running costs of the battery will be much lower since the electricity costs less than the fuel. Based
on capital costs the battery solution is not attractive. But when purchasing a new vehicle the user does not purchase all of the fuel at the same

time. It is purchased over the lifetime of the vehicle. If batteries were leased, a more reasonable comparison of initial costs and running costs could

be made.

Contact us if you need any more information or advice

Ask us for a guotation
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Electropaedia - Request For Free Report

| Glectropnedin Battery and Energy Technologies

Technologies Request For Free Report
Low Power Cells

High Power Cells Buying Batteries in China
Chargers & Charging Buying batteries in China is a risky business.
Battery Management You may be interested to read about some of our experiences in sourcing batteries from China based on dozens of plant

Battery Testing visits around the country.

Cell Chemistries Sometimes shocking, sometimes frustrating, often funny, always interesting. Caveat Emptor

PR eEpeT For your free copy of this useful report please fill in the form below to tell us how to contact you and we will send you your free

I%

Buying Batteries in copy-
China .
pare | |
How to Specify Company | |
Batteries Telephone *:l

E-mail | |

* Required Fields

Please check here [ if you do not wish to be contacted about the Electropaedia web site.

Submit Form Clear Form
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Choosing a Battery

State of Charge (SOC) Determination

Knowing the amount of energy left in a battery compared with the energy it had when it was full gives the user an indication of how much longer a
battery will continue to perform before it needs recharging. Using the analogy of a fuel tank in a car, State of Charge (SOC) estimation is often

called the "Gas Gauge" or "Fuel Gauge" function.

The SOC is defined as the available capacity expressed as a percentage of some reference, sometimes its rated capacity but more likely its
current (i.e. at the latest charge-discharge cycle) capacity but this ambiguity can lead to confusion and errors. It is not usually an absolute measure

in Coulombs, kWh or Ah of the energy left in the battery which would be less confusing.

The preferred SOC reference should be the rated capacity of a new cell rather than the current capacity of the cell. This is because the cell
capacity gradually reduces as the cell ages. For example, towards the end of the cell's life its actual capacity will be approaching only 80% of its
rated capacity and in this case, even if the cell were fully charged, its SOC would only be 80% of its rated capacity. Temperature and discharge
rate effects reduce the effective capacity even further. This difference in reference points is important if the user is depending on the SOC
estimation as he would in a real gas gauge application in a car.

Unfortunately the SOC measurement reference is often defined as the current capacity of the cell instead of the rated capacity. In this case a fully
charged cell, nearing the end of its life, could have an SOC of 100% but it would only have an effective capacity of 80% of its rated capacity and
adjustment factors would have to be applied to the estimated capacity to compare it to its rated new capacity. Using the current capacity rather
than the rated capacity is usually a design shorcut or compromise to avoid the complexity of determining and allowing for the age related capacity

adjustments which are conveniently ignored.

Basing the SOC estimate on the current capacity of the battery rather than its rated capacity when new is equivalent to progressively reducing the
capacity of the fuel tank over the lifetime of the vehicle without informing the driver. If an accurate estimate of the charge remaining in the battery is

required the ageing and environmental factors must be taken into account.
For cell balancing applications, it is only necessary to know the SOC of any cell relative to the other cells in the battery chain. Since all the cells will
have been subject to the same influences during their lifetime, the ageing and environmental adjustments, which apply equally to all cells, can be

ignored for this purpose.

SOC Accuracy Requirements
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Battery State of Charge Determination

A knowedge of the SOC is particularly important for large Lithium batteries. Of all the common cell chemistries Lithium is the most chemically

reactive and the only one which needs electronic battery management systems (BMS) to keep the battery within a safe operating window and to
ensure a long cycle life. Control of the SOC is a major function of the BMS. Furthermore, automotive applications, one of the main uses of large
Lithium batteries, need very precise control of the SOC for efficient and safe management of the energy flows.
. In EV applications the SOC is used to determine range. It should be an absolute value based on capacity of the battery when new, not a
percentage of current capacity which could result in an error of 20% or more due to battery ageing.
Automotive fuel guages are notoriously imprecise so an SOC accuracy of 5%, if it could be achieved, would probably be satisfactory for such
applications.
. In HEV applications the SOC determines when the engine is switched on and off. SOC errors over 5% could seriously affect the system fuel
efficiency. An accuracy significantly better than 5% is therefore desirable.

See Estimation Accuracy possibilities below

Methods of Determining the State of Charge
Several methods of estimating the state of charge of a battery have been used. Some are specific to particular cell chemistries. Most depend on

measuring some convenient parameter which varies with the state of charge.

Direct Measurement

This would be easy if the battery could be discharged at a constant rate. The charge in a battery is equal to the current multiplied by the time for
which it flowed. Unfortunately there are two problems with this. In all practical batteries, the discharge current is not constant but diminishes as the
battery becomes discharged, usually in a non-linear way. Any measurement device must therefore be able to integrate current over time.
Secondly, this method depends on discharging the battery to know how much charge it contained. In most applications except perhaps in

qualification testing, the user (or the system) needs to know how much charge is in the cell without discharging it.

It is not possible either to measure directly the effective charge in a battery by monitoring the actual charge put into it during charging. This is
because of the Coulombic efficiency of the battery. Losses in the battery during the charge - discharge cycle mean that the battery will deliver less
charge during discharge than was put into it during charging.

The Coulombic efficiency or charge acceptance is a measure of how much usable energy is available during discharging compared with the

energy used to charge the cell. Charge efficiency is also affected by temperature and SOC.

SOC from Specific Gravity (SG) Measurements
This is the customary way of determining the charge condition of lead acid batteries. It depends on measuring changes in the weight of the active

chemicals. As the battery discharges the active electrolyte, sulphuric acid, is consumed and the concentration of the sulphuric acid in water is
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hydrometer which is slow and inconvenient.

Voltage Based SOC Estimation

Open circuit voltage vs. Residual capacity 25°C

reduced. This in turn reduces the specific gravity of the solution in direct proportion to the state of charge. The actual SG of the electrolyte can

therefore be used as an indication of the state of charge of the battery. SG measurements have traditionally been made using a suction type

Nowadays electronic sensors which provide a digital measurement of the SG of the electrolyte can be incorporated directly into the cells to give a

continuous reading of the battery condition. This technique of determining the SOC is not normally suitable for other cell chemistries.

This uses the voltage of the battery cell as the basis for calculating SOC or the remaining capacity. Results can vary widely depending on actual
voltage level, temperature, discharge rate and the age of the cell and compensation for these factors must be provided to achieve a reasonable
accuracy. The following graph shows the relationship between the Open Circuit Voltage and the Remaining Capacity at constant temperature and

discharge rate for a high capacity Lead Acid cell. Note that the cell voltage diminishes in direct proportion to the remaining capacity.
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the SOC of the cell.
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Problems can occur with some cell chemistries however, particularly Lithium which exhibits only a very small change in voltage over most of the
charge/discharge cycle. The following graph shows the discharge curve for a high capacity Lithium-ion cell. This is ideal for the battery application

in that the cell voltage does not fall appreciably as the cell is discharged, but for the same reason, the actual cell voltage is not a good measure of
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Discharge characteristics of 100Ah Li-ion cell.
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The rapid fall in cell voltage at the end of the cycle could be used as an indication of imminent, complete discharge of the battery, but for many
applications an earlier warning is required. Fully discharging Lithium cells will dramatically shorten the cycle life and most applications will impose a
limit on the DOD to which the cell is submitted in order to prolong the cycle life. While the cell voltage can be used to determine the desired cut off

point, a more accurate measure is preferred for critical applications.

Current Based SOC Estimation - (Coulomb Counting)

The energy contained in an electric charge is measured in Coulombs and is equal to the integral over time of the current which delivered the
charge. The remaining capacity in a cell can be calculated by measuring the current entering (charging) or leaving (discharging) the cells and
integrating (accumulating) this over time . In other words the charge transferred in or out of the cell is obtained by accumulating the current drain
over time. The calibration reference point is a fully charged cell, not an empty cell, and the SOC is obtained by subracting the net charge flow from
the charge in a fully charged cell. This method, known as Coulomb counting, provides higher accuracy than most other SOC measurements since

it measures the charge flow directly. However it still needs compensation to allow for the operating conditions as with the voltage based method.

Three current sensing methods may be used.

. Current Shunt The simplest method of determining the current is by measuring the voltage drop across a low ohmic value, high precision,
series, sense resistor between the battery and the load known as a current shunt. This method of measuring current causes a slight power
loss in the current path and also heats up the battery and is inaccurate for low currents.

. Hall effect transducers avoid this problem but they are more expensive. Unfortunately they can not tolerate high currents and are susceptible
to noise.

. GMR magnetoresistive sensors are even more expensive but they have higher sensitivity and provide a higher signal level. They also have

better high temperature stability than Hall effect devices.
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Coulomb counting depends on the current flowing from the battery into external circuits and does not take account of self discharge currents or the

Coulombic efficiency of the battery.

Note that in some applications such as automotive batteries the "continuous" battery current is not monitored. Instead the current is sampled and
the continuous current is reconstructed from the samples. In such cases the sampling rate must be fast enough to capture the current peaks and

troughs associated with the acceleration and regenerative braking corresonding to the user's driving style.

Internal Impedance

During the cell charge - discharge cycles the composition of the active chemicals in the cell changes as the chemicals are converted between the
charged and discharged states, and this will be reflected in changes to the cell impedance. Thus measurements of cell internal impedance can
also be used to determine SOC however these are not widely used due to difficulties in measuring the impedance while the cell is active as well as
difficulties in interpreting the data since the impedance is also temperature dependent.

Fuzzy Logic and other similar models have been used to overcome these problems and ASICs have been developed for this purpose.

Other State of Charge Measures

With a constant load and constant ambient conditions, Lithium cells have a linear SOC discharge characteristic over time which could possibly
allow the SOC to be determined from running time, or in the case of a pure electric vehicle, distance travelled. This method depends on
maintaining a constant driving pattern and major inaccuracies will be introduced if the driving pattern changes. It can also not be applied when
intermittent charging is involved as with HEVSs.

While the measure may not be suitable as a basis for BMS in automotive use, it could be used for simple applications such as bicycle range

indicators and it could also provide a verification check of the BMS model predictions for safety purposes.

Factors Influencing the State of Charge in Lithium Batteries
Unfortunately neither voltage measurement nor coulomb counting alone is sufficient for high accuracy fuel gauging because the charge a cell is
able to accept or deliver depends not just on the fundamental cell design but also on both the age of the cell and its short and long term operating

environment.

Usable Capacity
SOC estimations for Lithium cells are complicated by the fact that the useable capacity of a cell is not constant but varies significantly with
temperature, the charge discharge rates and with the age of the cell and lesser effect with other parameters such as the time between charges

(due to the self dischage rate).
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Charge - Discharge Rates

The effective capacity of a cell depends on the rate at which it is charged and discharged as illustrated in the graph on Discharge Rates. This is
because the electrochemical actions in the cell take a finite time to complete and they can not follow instantaneously the electrical stimulus or load
placed on the cell. This is explained in the section on Charging Times. If a cell is subject to short term charging and discharging pulses, as in EV
and HEV applications, the chemical effect of a charging pulse may not be fully completed before the subsequent discharge pulse starts to reverse
the process. Even with coulomb counting this can lead to errors in determining the SOC of the cell unless the rates of the chemical actions are

taken into account.

Hysteresis
At the same state of charge, the open circuit voltage (OCV) following a charge is higher than the OCV following discharge. This is another

manifestation of the time constant associated with the delay in the battery chemical reaction in keeping up with electrical stimulus.

Temperature and Discharge Rate

The following graph shows how the capacity of a Lithium cell varies with temperature and discharge rate. It shows that at normal working
temperatures the coulombic efficiency of the cell is very high, but at low temperatures there is a major drop in efficiency particularly at high
discharge rates which can give rise to serious errors in the estimation of the SOC. This phenomenon is not peculiar to Lithium cells as other cell

chemistries also demonstrate a deterioration in performance at low temperatures.
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The graph shows a Lithium cell working between its specified upper and lower voltage cut -off limits of 4.2.Volts and 2.5 Volts respectively. These
are considered the fully charged and the empty conditions of the cell. The "Full” line is the point at which the cell reaches full charge using the
constant current - constant voltage charging method at the corresponding temperature. Two "Empty" lines are shown corresponding to two
different discharge rates 0.2C and 1.0C.

The capacity of the cell at a given rate and temperature is the difference from the "Full" line and the corresponding "Empty" line.

In actual practice, the cell may be charged at one temperature and discharged at a different temperature and this must be taken into account when
calculating the effective capacity of the cell. Note that the cell is very inefficient at giving up its charge at high discharge rates and low
temperatures. In other words, its coulombic efficiency deteriorates dramatically at low temperatures. Note also that the cell above could be fully
discharged at the high current rate yet could be further discharged at the low current rate by the number of milliamp-hours between the two

"Empty" points that correspond to the present cell temperature.

Typical cell specifications only give the capacity at 25 °C and 0.3 C rate. The graph below shows the combined effect of rate and temperature on
the effective cell capacity. Note that the available capacity is reduced at high discharge rates and though there is a slight capacity reduction when

operating at high temperatures, there is a substantial reduction at low temperatures. Similar effects come into play during the charging cycle.
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Capacity reduction at different temperatures and discharge rates
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The above graph characterises the performance of a Lithium cell over two of its expected operating conditions. The matrix of capacity values

associated with all the possible current-temperature combinations is useful as a look up table used by charge estimation algorithms below.

This battery performance matrix is similar to an "engine map" which stores a plurality of engine performance curves under different operating

conditions used in the control systems employed modern internal combustion engines.

Cell Ageing
The graph below shows how ageing affects the cell capacity. To account for this, the formulas for calculating remaining capacity must be capable

of dynamically changing over time to remain accurate.
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The cycle life of a cell is usually considered complete when the cell capacity has fallen to 80% of its value when the cell was new. Note that the
capacity reduces in a fairly linear way as the cell ages and continues to do so after specified battery lifetime. There is no sudden death and

batteries can continue to be used albeit with a reduced capacity.

Self Discharge
In addition to the charge being put into and taken out of the battery during the normal charge - discharge process, the continuing long term effect of

self discharge consuming the available energy in the cell must also be taken into account.

Other Factors

Other factors such as charge/discharge efficiency also affect the cell capacity.

Calculating the SOC of Lithium Batteries
As noted above, voltage or current measurements can provide a rough indication of the SOC of a battery, but for more precision, particularly for

Lithium batteries, other factors must be taken into account.

Theoretical SOC Estimation

It is possible but not necessarily practical to estimate the SOC of a battery from purely theoretical considerations. Batteries are non-linear. The
SOC could be calculated from measured cell parameters and operating conditions if sufficient data were available. Unfortunately this is far too
complex since there are 30 or more variables affecting cell performance some of which are much more significant than others. They are listed

below for information only since this method is not used in practice (unless in a severely cut down form)'
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Theoretical calculations are based on Coulomb counting modified by the cell voltage and temperature, the rate at
which cells have been charged and discharged, the chemical composition of the various active chemicals and any
doping which has been used, the possibility and effects of contamination, the shape and length of the physical current
paths within the cell, the volume of electrolyte, the thickness of the electrolyte and the separator, the resistivity of the
components, the rate of mass transfer of the ions through the electrolyte, the rate of chemical action at the surface of
the electrodes or the rate of absorption of the ions into the intercalation layers, the actual surface area of the
electrodes, the effective surface area of the electrodes taking into account the particle sizes of the chemicals, the
effect of passivation on the electrode surface, the ambient temperature, the Joule heating effect, the self discharge

rate of the cells, the time between charges plus possibly several other factors.

A theoretical calculation of the SOC will always be limited by nhumber of effects for which equations can be developed.

Practical SOC Estimation

Alternatively the performance characteristics of a typical sample cell (or cells) can be measured and the results used as a template to represent
the performance of the rest of the population. . Basing the cell performance estimates on look up tables constructed from measured data from
actual cells is much simpler than carrying out theoretical estimates since it automatically takes account of most if not all the factors affecting the
SOC. Look up tables are stepwise approximations of the performance response curves which represent the cell discharge performance as a
function of temperature, discharge rate or other parameters. See example above. The necessary look up tables are developed from laboratory
measurements under controlled conditions. The process of gathering the data and constructing the look up table is called cell characterisation and
only needs to be carried out once, however a new data set or look up table must be produced for each cell chemistry variant and cell construction
used.

Reusable, standard, software can be used to accommodate different data sets

Once the cells have been characterised the next step is to consider the battery application. Coulomb counting is used to provide an intial estimate
of the cell SOC and this value is then modified to take account of the cell's unusable capacity corresponding to its operating point by referring to
the look up table. Thus the SOC estimation is accomplished by building a model of the battery which replicates the battery characteristics in
software and an algorithm which predicts its behaviour in response to various external and internal conditions.

This method of course needs sensors to provide the measurement data of the current battery status, memory to store the battery model and a

microprocessor to calculate the results.

Sensors in the battery provide analogue inputs representing temperatures, cell voltages and currents to the model and precision A/D converters
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translate these inputs into digital form. Further information such ambient temperatures and the status of various alarms if necessary can also be
provided to the model. These inputs are constantly monitored and updated at the request of the microprocessor which controls the model. The

model can then use these inputs to estimate the SOC, or other, status of the battery at any instant in time.

In dynamic applications such as automotive batteries, inputs must be monitored at least once per second to ensure that no significant charge flows
or critical events are missed and the SOC prediction for every individual cell in the battery must be completed during the sampling interval.
Because of the complexity of the algorithm and the number of inputs involved the system must perform over a million or more floating point
calculations per second. This requires a powerful microprocessor. An example of the need for continual updating of SOC estimations in a working

system is given in the section on Battery Management Systems.

Estimation Accuracy of SOC Estimates Based on Look Up Tables

. Offset Errors (Number and Significance of influencing Factors Considered)
For an accurate representation of the charge / discharge characteristics of the cell, similar look up tables must be developed for all the known
factors which significantly affect the cell capacity (Ah) and impedance, such as cell temperature, ambient temperature, charge and discharge
rates, heat dissipation rates, the cell self discharge rate charge or coulombic efficiency and the capacity degradation over the lifetime of the
cell.
If any of the key parameters which affect the usable capacity of the cell are ignored, there will be a correspondingly large offset error in the
SOC estimation.
SOC offset errors based on Coulomb counting alone, without the compensating factors, can be as high as 30%!

. Sample Size and Validity
Accuracy may be limited by the small sample size used for constructing the data set and whether the samples used to characterise the cells
were truly representative of the population throughout the expected production run of the cells.

. Data Points and Prediction Algorithms
Accuracy will also depend directly on the number of data points in the look up table. Various algorithms (examples below) have been
developed to provide more accurate estimations from limited data sets. Essentially this means joining up the measured performance points in
the data set or look up table into a continuous surface to enable performance values to be extracted from intermediate points. These
algorithms each have their own characteristic estimation accuracy.

. Coulombic Efficiency
Coulomb counting is also subject to errors since all the Coulombs pumped into the battery during charging can not be converted into available
charge. Some of the energy is inevitably lost in the chemical conversion process usually as heat. Similarly on the return trip, for the same
reasons, some of the available charge is lost and only part of the stored charge is available for doing work. The round trip energy loss is about

3% for a Lithium battery. The Coulombic efficiency is the ratio between the discharge energy and the charging energy.
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. Self Discharge Rate

Another reason why all the energy put into the battery is not available to come out again is the self discharge of the cells. Self discharge of
Lithium batteries is typically less than 3% per month so for periods of a day or so the effect is very small but it becomes more significant the
longer the periods between charging and can be the source of accumulating errors unless the battery monitoring circuit is regularly reset or
calibrated.
Random Errors (Measurement Accuracy)
Random errors arrise from the inaccuracies in involved in measuring the factors which are actually taken into account in the SOC estimation.
This applies to the cell characterisation as well as to the cells in the operating batteries, thus there are two potential sources of similar errors.

o Cell voltage

o Cell temperature

o Battery current

o Current sampling error

o Ato D converter quantising errors

Self discharge rate

o Battery age / number of capacity turnovers (Cycles completed)
Typically the net effect of a series of random errors such as those due to measurement inaccuracies can be calculated using the "Root Sum of
Squares" method .
Cumulative Error Build Up
Over time the system "fully charged" reference point of the battery may drift so the system should be calibrated regularly to reset the reference
SOC to 100% when the battery is fully charged. Regular calibration of the SOC estimation system is needed to avoid a cumulative error build
up. This is particularly true for HEV batteries which under normal circumstances never reaches their fully charged condition when the system

can be reset to a known level of charge.

Taking all these factors into consideration the SOC calculation could be subject to very large errors which could jeopardise the application unless
steps are taken in the battery system design to mitigate these errors. The accuracy claimed for SOC calculation should be consistent with the
combined measurement accuracies of the contributing parameters plus any offset errors. Manufacturer's claims of SOC accuracy of better than 5%
are typical but this seems hard to justify considering the factors outlined here and errors may diverge even more as the cells grow older.

Compare this with the Accuracy Requirements above

Charge Estimation Algorithms

Several different techniques such as Fuzzy Logic, Kalman Filtering, Neural Networks and recursive, self-learning methods have been employed to

improve the accuracy of the SOC estimation as well as the estimation of state of health (SOH).
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Fuzzy Logic

Fuzzy Logic is simple way to draw definite conclusions from vague, ambiguous or imprecise information. It resembles human decision making with
its ability to work from approximate data to find precise solutions.

Unlike classical logic which requires a deep understanding of a system, exact equations, and precise numeric values, Fuzzy logic allows complex
systems to be modelled using a higher level of abstraction originating from our knowledge and experience. It allows expressing this knowledge
with subjective concepts such as big, small, very hot, bright red, a long time, fast or slow. This qualitative, linguistic representation of the expert
knowledge presents a natural rather than a numerical description of a system and allows relatively easy algorithm development compared to
numerical systems. The outputs can then be mapped into exact numeric ranges to provide a characterisation of the system. Fuzzy logic is used
extensively in automatic control systems.

Using this technique we can use all the information available to us about the performance of a battery to derive a more accurate estimation of its

state of charge or the state of health. Software packages are available which simplify this process.

Kalman Filter

Kalman filtering addresses an age-old question: How do you get accurate information out of inaccurate data? More pressingly, How do you update
a "best" estimate for the state of a system as new, but still inaccurate, data pour in? An HEV automotive application is an example of this situation.
The battery SOC is affected by many simultaneous factors and is continually changing due to the user driving pattern. The Kalman filter is
designed to strip unwanted noise out of a stream of data. It operates by predicting the new state and its uncertainty, then correcting this with a new
measurement. It is suitable for systems subject to multiple inputs and is used extensively in predictive control loops in navigation and targeting
systems. With the Kalman Filter the accuracy of the battery SOC prediction model can be improved and accuracies of better than 1% are claimed
for such systems.

As with Fuzzy Logic, standard software packages are available to facilitate its implementation.

Neural Networks
A Neural Network is a computer architecture modelled upon the human brain's interconnected system of neurons which mimics its information
processing, memory and learning processes. It imitates the brain's ability to sort out patterns and learn from trial and error, discerning and

extracting the relationships that underlie the data with which it is presented.

Each neuron in the network has one or more inputs and produces an output; each input has a weighting factor, which modifies the value entering
the neuron. The neuron mathematically manipulates the inputs, and outputs the result. The neural network is simply neurons joined together, with
the output from one neuron becoming input to others until the final output is reached. The network learns when examples (with known results) are

presented to it; the weighting factors are adjusted on the basis of data - either through human intervention or by a programmed algorithm-to bring
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the final output closer to the known result. In other words, neural networks "learn” from examples (as children learn to recognise dogs from

examples of dogs) and exhibit some capability for generalisation beyond the training data.

Neural networks thus resemble the human brain in the following two ways:
1. A neural network acquires knowledge through learning.
2. A neural network's knowledge is stored within inter-neuron connection strengths known as synaptic weights.
The true power and advantage of neural networks lies in their ability to represent both linear and non-linear relationships and in their ability to learn

these relationships directly from the data being modelled. Among the many applications are predictive modelling and control systems.

Neural Network techniques are useful in estimating battery performance which depends on quantifying the effect of numerous parameters most of
which can not be defined with mathematical precision. Algorithms are refined with the aid of experience gained from the performance of similar

batteries.

Consumer Battery Condition Indicators

Small primary cells are now available with a on-cell analogue SOC indicators known as battery testers or fuel gauges. On the side of the cell they
incorporate a printed strip resembling a thermometer which provides a rough indication of the remaining capacity in the battery.

Based on thermochromic and conductive inks, a thin layer of conductive ink is applied in a wedge shape. The narrowest point indicates the lowest
charge level and the widest area indicates a full charge. When the circuit is completed and current flows through the conductive ink and the
resistance of the ink causes it to heat up. A small amount of current can generate enough heat to affect the smallest area of the wedge but as the
area widens more current is needed to raise its temperature. The thermochromic ink printed on top of the conductive ink changes colour
depending on the temperature and the extent of the colour change along the wedge indicates the magnitude of the current and hence the battery
voltage.

The design is completed with a masking layer of normal ink which provides the illusion of a thermometer or analogue fuel gauge.

The measurement accuracy is dependent on the ambient temperature.

SOC of Capacitors

The state of charge of a capacitor is represented by the voltage across its terminals.
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Battery Testin All batteries depend for their action on an electrochemical process whether charging or discharging and we know that these chemical reactions are

Cell Chemistries in some way dependent on temperature. Nominal battery performance is usually specified for working temperatures somewhere in the + 20°C to

+30°C range however the actual performance can deviate substantially from this if the battery is operated at higher or lower temperatures. See
Free Report

I%

Temperature Characteristics for typical performance graphs.

Buying Batteries in

China Arrhenius Law tells us that the rate at which a chemical reaction proceeds, increases exponentially as temperature rises (See Battery Life). This
allows more instantaneous power to be extracted from the battery at higher temperatures. At the same time higher temperatures improve electron
How to Specify or ion mobility reducing the cell's internal impedance and increasing its capacity.

Batteries

At the upper end of the scale the high temperatures may also initiate unwanted or irreversible chemical reactions and / or loss of electrolyte which

can cause permanent damage or complete failure of the battery. This in turn sets an upper temperature operating limit for the battery.

At the lower end of the scale the electrolyte may freeze, setting a limit to low temperature performance. But well below the freezing point of the

electrolyte, battery performance starts to deteriorate as the rate of chemical reaction is reduced. Even though a battery may be specified to work

down to -20°C or -30°C the performance at 0°C and below may be seriously impaired.

Note also that the lower temperature working limit of a battery may be dependent on its State of Charge. In a Lead Acid battery for instance, as the

battery is discharged the Sulphuric Acid electrolyte becomes increasingly diluted with water and its freezing point increases accordingly.

Thus the battery must be kept within a limited operating temperature range so that both charge capacity and cycle life can be optimised. A practical
system may therefore need both heating and cooling to keep it not just within the battery manufacturer's specified working limits, but within a more

limited range to achieve optimal performance.

Thermal management however is not just about keeping within these limits. The battery is subject to several simultaneous internal and external

thermal effects which must be kept within control.

Heat Sources and Sinks
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Battery Thermal Management

Electrical Heating (Joule Heating)

The operation of any battery generates heat due to the I2R losses as current flows through the internal resistance of the battery whether it is being
charged or discharged. This is also known as Joule heating. In the case of discharging, the total energy within the system is fixed and the
temperature rise will be limited by the available energy. However this can still cause very high localised temperatures even in low power batteries.
No such automatic limit applies while charging as there is nothing to stop the user continuing to pump electrical energy into the battery after it has

become fully charged. This can be a very risky situation.

Battery designers strive to keep the internal resistance of the cells as low as possible to minimise the heat losses or heat generation within the

battery but even with cell resistances as low as 1milliOhm the heating can be substantial. See Effects of Internal Impedance for examples.

Thermochemical Heating and Cooling

In addition to Joule heating the chemical reactions which take place in the cells may be exothermic, adding to the heat generated or they may be
endothermic, absorbing heat during the process of the chemical action. Overheating is therefore more likely to be a problem with exothermic
reactions in which the chemical reaction reinforces the heat generated by the current flow rather than with endothermic reactions where the
chemical action counteracts it. In secondary batteries, because the chemical reactions are reversible, chemistries which are exothermic during
charging will be endothermic during discharging and vice versa. So there's no escaping the problem. In most situations the Joule heating will
exceed the endothermic cooling effect so precautions still need to be taken.

Lead acid batteries are exothermic during charging and VRLA batteries are prone to thermal runaway (See below). NiMH cells are also exothermic

during charging and as they approach full charge, the cell temperature can rise dramatically. Consequently, chargers for NiMH cells must be

designed to sense this temperature rise and cut off the charger to prevent damage to the cells. By contrast Nickel based batteries with alkaline
electrolytes (NiCads) and Lithium batteries are endothermic during charging. Nevertheless thermal runaway is still possible during charging with

these batteries if they are subject to overcharging.

External Thermal Effects

The thermal condition of the battery is also dependent on its environment. If its temperature is above the ambient temperature it will lose heat
through conduction, convection and radiation. If the ambient temperature is higher, the battery will gain heat from its surroundings. When the
ambient temperature is very high the thermal management system has to work very hard to keep the temperature under control. A single cell may
work very well at room temperature on its own, but if it is part of a battery pack surrounded by similar cells all generating heat, even if it is carrying

the same load, it could well exceed its temperature limits.

Temperature - The Accelerator

The net result of the thermo-electrical and thermo-chemical effects possibly augmented by the environmental conditions is usually a rise in
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temperature and as we noted above this will cause an exponential increase in the rate at which a chemical reaction proceeds. We also know that if
the temperature rise is excessive a lot of nasty things can happen

o The active chemicals expand causing the cell to swell

Mechanical distortion of the cell components may result in short circuits or open circuits

o Irreversible chemical reactions can occur which cause a permanent reduction in the active chemicals and hence the capacity of the cell

o Prolonged operation at high temperature can cause cracking in plastic parts of the cell

o The temperature rise causes the chemical reaction to speed up increasing the temperature even more and could lead to thermal runaway

o Gases may be given off

o Pressure builds up inside the cell

o The cell may eventually rupture or explode

o Toxic or inflammable chemicals may be released

o Law suits will follow

Thermal Capacity - The Conflict

It is ironic that as battery engineers strive to cram more and more energy into ever smaller volumes, the applications engineer has increasing
difficulty to get it out again. The great strength of new technology batteries is unfortunately also the source of their greatest weakness.

The thermal capacity of an object defines its ability to absorb heat. In simple terms for a given amount of heat, the bigger and heavier the object is,
the smaller will be the temperature rise caused by the heat.

For many years lead acid batteries have been one of the few power sources available for high power applications. Because of their bulk and
weight, temperature rise during operation has not been a major problem. But in the quest for smaller, lighter batteries with higher power and
energy densities, the unavoidable consequence is that the thermal capacity of the battery will be decreased. This in turn means that for a given
power output, the temperature rise will be higher.

(This assumes a similar internal impedance and similar thermochemical properties which might not necessarily be the case.) The result is that heat
dissipation is a major engineering challenge for high energy density batteries used in high power applications. Cell designers have developed
innovative cell construction techniques to get the heat out of the cell. Battery pack designers must find equally innovative solutions to get the heat

out of the pack.

EV and HEV Battery Thermal Considerations

Similar conflicts occur with EV and HEV batteries. The EV battery is large with good heat disipation possibilities by convection and conduction and
subject to a low temperature rise due to its high thermal capacity. On the other hand the HEV battery which must handle the same power is less
than one tenth of the size with a low thermal capacity and low heat dissipation properties which means it will be subject to a much higher

temperature rise.
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EV and HEV Thermal & Stress Issues

60 kW EV Battery || 60 kW HEV Battery

Operates at deep DOD Operates at very high rates
«  Power 60 kW @ 300 V and 200 A * Power 60 kW @ 300V and 200 A
+ Capacity 60 kWh @ 300V » Capacity 6 kWh @ 300V
+ B0 X 200 Ah cells working at 1C *+ B0 X 20 Ah cells working at 10C
+=  Weight 500 Kg = Weight 50 Kg
+ Cell impedance 1mQ + Cell impedance 1mQ
+ Heat generation 3.2 kW *+ Heat generation 3.2 W
+ Temperature rise — Low = Temperature rise — High
* Heat dissipation — High = Heat dissipation — Low
*  Problem at low temperatures *  Problem at high temperatures
* MNeeds heating * MNeeds cooling
* QOperating at the C rate the battery * Operating at the 10C rate with a high

will be completely discharged long ambient temperature there is a
before there is a 10°C temperature serious risk of thermal runaway
ﬂi:tﬁ?;m ambient due to self unless the cells are force cooled

Taking into account the need to keep the cells operating within their allowable temperature range (See Cycle Life in the section on Lithium Battery
Failures) the EV battery is more likely to encounter problems to keep it warm at the low end of the temperature range while the HEV battery is
more likely to have overheating problems in high temperature environments even though they both dissipate the same amount of heat.

In the case of the EV, at very low ambient temperatures, self heating (I2R heating) by the current flow during operation will most likely be
insufficient to raise the temperature to the desired operating levels because of the battery's bulk and external heaters may be required to raise the
temperature. This could be provided by diverting some of the battery capacity for heating purposes. On the other hand, the same heat generation

in the HEV battery working in high temperature environments could send it into thermal runaway and forced cooling must be provided.

See also EV, HEV and PHEV Specifications in the Traction Battery section

Thermal Runaway

The operating temperature which is reached in a battery is the result of the ambient temperature augmented by the heat generated by the battery.
If a battery is subject to excessive currents the possibility of thermal runaway arises resulting in catastrophic destruction of the battery. This occurs
when the rate of heat generation within the battery exceeds its heat dissipation capacity. There are several conditions which can bring this about:

. Initially the thermal I12R losses of the charging current flowing through the cell heat up the electrolyte, but the resistance of the electrolyte
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decreases with temperature, so this will in turn result in a higher current driving the temperature still higher, reinforcing the reaction till a
runaway condition is reached.

. During charging the charging current induces an exothermic chemical reaction of the chemicals in the cell which reinforces the heat generated
by the charging current.

. Or during discharging the heat produced by the exothermic chemical action generating the current reinforces the resistive heating due to the
current flow within the cell.

. The ambient temperature is excessive.

. Inadequate cooling

Unless some protective measures are in place the consequences of the thermal runaway could be meltdown of the cell or a build up of pressure

resulting an explosion or fire depending on the cell chemistry and construction. See more details in the section on Lithium Battery Failures.

The thermal management system must keep all of these factors under control.

Note
Thermal runaway can occur during the charging of valve regulated lead acid batteries where gassing is inhibited and the recombination adds to the

temperature rise. This does not apply to flooded lead acid batteries because the electrolyte boils off.

Temperature Controls

Heating

Low temperature operating conditions are relatively easy to cope with. In the simplest case there is usually enough energy in the battery to power
self heating elements which gradually bring the battery up to a more efficient operating temperature when the heaters can be switched off. In some
cases it is enough to keep the battery on its recharging cycle when it is not in use. In more complex cases for example with high temperature
batteries such as the Zebra battery running at temperatures well above normal ambient temperatures some external heating may be required to
bring the battery up to its operating temperature on start up and special thermal insulation may be needed to maintain the temperature for as long

as possible after it has been switched off.
Cooling
For low power batteries the normal protection circuits are sufficient to keep the battery within its recommended operating temperature limits. High

power circuits however need special attention to thermal management.

Design objectives
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Protection From Overheating -

In most cases this simply involves monitoring the temperature and interrupting the current path if the temperature when the temperature limits
are reached using conventional protection circuits. While this will prevent damage to the battery from overheating it can however cut off the
battery before its current carrying limit is reached seriously limiting its performance.

Dissipation of Surplus Heat Generated -

Removing heat from the battery allows higher currents to be carried before the temperature limits are reached. Heat flows out of the battery by
convection, conduction and radiation and the pack designer's task is to maximise these natural flows by keeping the ambient temperature low,
by providing a solid, good heat conducting path from the battery (using metallic cooling rods or plates between the cells if necessary), by
maximising its surface area, by providing good natural air flow through or around the pack and by mounting it on a conductive surface.
Uniform Heat Distribution -

Even though the battery thermal design may be more than sufficient to dissipate the total heat generated by the battery, there could still be
localised hot spots within the battery pack which can exceed the specified temperature limits. This can be a problem with the cells in the
middle of a multi cell pack which will be surrounded by warm or hot cells compared with the outer cells in the pack which are facing a cooler
environment. Separating the cells to avoid this problem adds to the volume of the pack. Thermal imaging may be needed to identify potential
problem areas.

Minimum Addition to the Weight -

For very high power applications, such as traction batteries used in EVs and HEVs, natural cooling may be insufficient to maintain a safe
working temperature and forced cooling may be required. This should be the last resort as it complicates the battery design, adds weight to
the battery and consumes power. If forced cooling is unavoidable however, the first choice would normally be forced air cooling using a fan or
fans. This is relatively simple and inexpensive but the thermal capacity of the thermal fluid, air, which is intended to carry the heat away is
relatively low limiting its effectiveness. In the worst case liquid cooling may be required.

For very high cooling rates working fluids with a higher thermal capacity are required. Water is normally the first choice because it is
inexpensive but other fluids such as ethylene glycol (anti freeze) which have a better thermal capacity may be used. The weight of the coolant,
the pumps to circulate it, the cooling jackets around the cells, the pipework and manifolds to carry and distribute the coolant and a radiator or
heat exchanger to cool it, all add dramatically to the total weight, complexity and cost of the battery. These penalties could well outweigh the

gains expected to be achieved by using high energy density battery chemistries.

Heat Recovery

In some applications, such as electric vehicles as noted above, there is the opportunity to use the waste heat for heating the passenger
compartment and most automotive systems include some form of integrating the battery thermal management with the vehicle climate controls.
This is however only beneficial during cold weather. In hot climates the high ambient temperature places an added burden on the battery thermal

management.
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Cell Mechanica Construction

F/éle'cl:ropnedin Battery and Energy Technologies

Technologies Cell Construction
lLow Power Cells

High Power Cells Components

Chargers & Charging The basic components of a battery are the electrodes with terminals to connect to the external circuit, a separator to keep the electrodes apart and
Battery Management prevent them from shorting, the electrolyte which carries the charged ions between the electrodes and a case to contain the active chemicals and
Battery Testin hold the electrodes in place.

M . Case

The case may simply be a robust container made from glass, plastic or metal, insulated from the electrodes, which does not form part of the
Free Report

I%

current path through the battery. Lead acid batteries typically have such containers. A metallic case however can be used as one of the

Buying Batteries in electrodes, saving materials, as in the case of Leclanché (Zinc- Carbon) cells. Examples of the range of cases used for rechargeable Lithium

Q
=
S
)

cells are shown below.

Choosing a Battery
How to Specify

Batteries

Plastic case
Sponsors

Robust. Easy packaging, Flammable, Inexpensive. Stacked or jelly roll electrodes. Retains heat,

Poor thermal dissipation, Sizes up to 1000AH.

Used by: Thunder Sky, International Battery, China Hipower, HuanYu

Cylindrical steel case

Robust. High energy density cells but packs wasteful of space, Space allows cooling air flow,
Expensive, Sizes up to 200 Ah

Used by: Gaia, PHET, LifeBatt, BAK, SAFT, A123

Prismatic metal case (Steel / Aluminium)

Robust, Easy packaging, Good space utilisation, Expensive, Jelly roll or stacked electrodes. High
energy density, Good heat dissipation, Sizes up to 200 Ah

Used by: BYD, HYB, Lishen, Toshiba, Varta
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Pouch cell - Also known as Lipo cells
Vulnerable, Inexpensive, Design freedom on dimensions, Difficult packaging, High energy density
F] EilC but reduced by support packaging needed, Prone to swell and leak, Less danger of explosion (cell
L R MW-"-' bursts), Good heat dissipation, Made in very high volumes, Economical for small volumes, Sizes
I
~upto 240 Ah

Used by: Kokam, BAHUP, ATL, Yoku, EIG, Enerdel, LG and many others

-
e . = ! ‘-‘i Small cylindrical and prismatic cells
5
b panasot . . .
2N “-E.., Metal cans, Low cost products in standard shapes, Made in very high volumes, Complex and
| iee =

\

“ Used by: ATL, BAK, B&K, BYD, Lishen, Panasonic, Sony, Sanyo, Toshiba, Samsung, Valence and

\ 8 ‘ many others
i

. Electrodes

I ' ' expensive packaging and BMS electronics due to low unit capacity, Sizes up to 5 Ah.
Faramonic

The electrodes material may be a rigid metallic grids as in Lead acid batteries or the active electrode material may impregnated into or coated
onto a spiral rolled metallic foil which simply acts as a current collector as in many Nickel and Lithium based cells. See also Battery
Manufacturing

. Separator
The separator may be a mechanical spacer, fibreglass cloth or a flexible plastic film made from nylon, polyethylene or polypropylene. It must
be porous and very thin to permit the charged ions to pass without impediment and it should take up the minimum of space to allow for the
maximum use of the available space for the active chemicals. At the same time it must be resistant to penetration by burrs or dendrite growths
on the electrode plates or from contamination of the electrode coating to prevent the possibility of short circuits between the electrodes. These
characteristics should be maintained at high operating temperature when softening of the plastic material could clog the pores or reduce its
resistance to penetration. The breakdown or penetration of the separator is a potential area of weakness in high power cells and special

separator materials have been developed to overcome this problem.

The Separator .
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. Terminals

. Electrolyte

Internal Construction

The most expensive part of the cell

Damaged by heat

Can be designed as a safety device
{Shut down separator)

Can be loaded with ceramic powder to
maintain separation at higher temperatures

There are many ways of connecting to the electrodes ranging from spring contacts, through wires or tags to mechanical studs. The main
requirement is that the terminals should be able to handle the maximum current without overheating, either the terminal itself or the electrode

connected to it. This needs careful design of the connection to the electrodes to take off the current through the maximum possible area of

electrode material so as not to cause any hot spots. See also notes about external connections in the section on Battery Pack Design.

For many years all electrolytes were in aqueous or gel form. Recently solid polymer electrolytes have been developed which do not suffer
from leakage or spillage. As well as being safer in case of an accident and they also bring new degrees of freedom to cell design allowing

mechanical designs to be shaped to fit into odd shaped cavities. Polymer electrolytes are typically used in Lithium batteries.

Broadly speaking the cell voltage is controlled by the cell chemistry, the capacity is governed by the weight of the active chemicals and the current
carrying capacity (or power) is governed by the area of the electrodes. To a lesser extent all three of the above parameters as well as the thermal

properties are affected by the internal impedance of the cell and this depends on the conductivity of the electrolyte and the layout and resistance of

the components in the current path.
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Thus the size shape and materials used in its construction all affect the ultimate electrical performance of a cell.

Electrodes (Energy/Power Trade-Offs)

For a given cell chemistry and within the space available inside a given cell case, the cell performance can be optimised for capacity or power.
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. Increasing the surface area of the electrodes increases the cell's current handling capability. Thus the cell can both deliver more power and it
can be charged more quickly.
. Increasing the volume of electrolyte in the cell increases the cell's energy storage capacity.
The prime trade off is between the area of the electrodes and the volume of the electrolyte which can be contained within the volume available in

the cell case.

High power cells require electrodes with a large surface area as well as enlarged current collectors which take up more of the available space

within a given cell, displacing the electrolyte and reducing the cell capacity.

The effective surface area of an electrode can be increased without increasing its physical size by making its surface porous and using materials
with very fine particle size. This can increase the effective surface area of the electrodes by 1000 to 100,000 times enabling higher current rates to

be achieved.

High capacity cells require large volumes of electrolyte which must be accommodated between the electrodes. This has a double effect in reducing
the cell power handling capability. First, the electrodes must be smaller and further apart to make space for the extra electrolyte and hence they
can carry less current. Secondly, because of the increased volume of the electrolyte, it takes longer for the chemical actions associated with
charging and discharging to propagate completely through the electrolyte to complete the chemical conversion process. (More details are given in

the section on Charging Times).

As an example - Lithium lon cells optimised for capacity may typically handle peak currents of 2C or 3C for short periods, whereas Lithium lon cells

optimised for power could possibly deliver pulsed currents of 30C to 40C.

Four of the most common constructions are shown below. Over the years there have been many thousands of variants of these basic types used

for many different cell chemistries.

High power cells usually incorporate special safety devices. See "Designed in" safety measures.

Bobbin Electrodes
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Protective casing
Electralyte paste
[atnmanium chiatide
and zinc chlaride)

Zinc
Separatar

very large quantities.

Flat Plate Electrodes
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Positive terminal
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Megative terminal

:

:

|
!
).

Pitch seal
Ajr zpace

Carbon and manganese
dicxide mixture

Carbon rod

Zinc - Carbon (Leclanché) Cell

The bobbin construction has been used for over a century since the introduction of the Zinc- Carbon (Leclanché) Cell and a more recently with the
newer Alkaline cells which use a more complex version of this type. It is a cylindrical construction utilizing an internal cylindrical electrode usually in
the form of a rod which is immersed in the electrolyte which is in turn contained in an external electrode in the form of a cylindrical cup arranged as
a sleeve inside the cell container. A separator sheath prevents contact between the electrodes.

Its advantage is that it is simple, it stores a large amount of electrolyte which gives it a high capacity and hence long life but the electrode surfaces

are very small which results in a high internal resistance and limits the currents it can deliver. However, this small area also results in a low rate of

self discharge and these batteries therefore have a long shelf life. It is ideal for many applications requiring primary cells and is manufactured in
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lectrakta-tight se=ling Ang

Posithee plate pack
it plate Jp.legstn.-‘e ante

ahve adapier and walve

Posiive cell
conneciion

| egative call

F'l:rsll:h-'e plstz
annechon

egabve plate
Fﬂltfﬂmrﬂuﬁ separsor

Heagative

Cells Used in Lead Acid Battery

Source Eurobat

Flat plate cells typically used in Lead Acid batteries also have over a hundred years of history and development. The electrodes are made in the
form of flat plates suspended in the electrolyte which is held in a suitable container which does not usually take part in the chemical reaction. A
separator between the plates prevents them from touching eachother and short circuiting. This is another simple construction which is also used by
many different cell chemistries. Its main advantage is that it can be scaled up to very large sizes, larger plates providing for higher currents and

larger containers allowing high storage capacities.

Spiral Wound Electrodes (Also called Jelly-roll or Swiss-roll construction)
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FTC

Top Insulator

Cathode Tab

Steel-Can
{Megative Termminal)

=
Boitom Insulator 4—|

Cathode

———+ Top Cap (Positive Terminal)

v Gasket

Vent

LG Spiral Wound Cylindrical Cell

—— Annde

+ Separator

+ Cathode

In the quest for higher current carrying capacity, it is necessary to increase the active surface area of the electrodes, however the cell case size

sets limits on the size of electrodes which can be accommodated. One way of increasing the electrode surface area is to make the electrodes and

the separator from long strips of foil and roll them into a spiral or cylindrical jelly-roll shape. This provides very low internal resistance cells. The

downside is that since the electrodes take up more space within the can there is less room for the electrolyte and so the potential energy storage

capacity of the cell is reduced. This construction is used extensively for secondary cells. The example above shows a Lithium-lon cell but this

technology is also used for NiCads, NiMH and even some Lead acid secondary cells designed for high rate applications.

Spiral wound construction not limited to cylindrical shapes. The electrodes can be wound onto a flat mandrel to provide a flattened shape which

can fit inside a prismatic case. The cases may be made from aluminium or steel.

This construction is ideally suited for production automation.

Button Cells and Coin Cells

ANODE CAN
INSULATOR/GASKET
ZING ANODE
SEPARATOR
CATHODE
CATHODE CAN

ZINC-ANODE CELL
Most button and coin cells follow the same basic layout in their construction as shown in the diagram above. They are used where small size is
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required. As with bobbin cells they have a relatively high capacity but deliver low power.

Multiple Electrode Cells
. Monopolar configuration
In this configuration the battery is constructed form individual cells with external connections joining the cells to form series and parallel
chains.

. Stacked Electrodes

Prismatic Cell Electrode Stack

Tabs
This is an example of monopolar configuration. Reminiscent of Volta's pile, the positive and

negative plates are sandwiched together in layers with separators between them, inserted
Separator into the case, and sealed. This construction provides an energy efficient form factor and is
typically used in high power Lithium Polymer cells with the solid polymer electrolyte

separating the cells.

MNeq (-)
Electrode

Pos (+) 1'" i
Electrode

. Bipolar configuration
In bipolar batteries the cells are stacked in a sandwich construction so that the negative plate of one cell becomes the positive plate of
the next cell. Electrodes, often called duplex electrodes, are shared by two series-coupled electrochemical cells in such a way that one
side of the electrode acts as an anode in one cell and the other side acts as a cathode in the next cell. The anode and cathode
sections of the common electrodes are separated by an electron-conducting membrane which does not allow any flow of ions between

the cells and serves as both a partition and series connection.

This is an efficient design which reduces the number of plates and eliminates external connections, reduces the weight of the battery,
increases the energy density and reduces costs. The current pathway is also shorter and resistance losses will be less enabling the
battery to handle higher power. Bipolar construction is usually adopted for Fuel Cells and Flow Batteries in which the electrolyte flows
over, or is pumped through the cells, but the technique has recently been trialled on much simpler, smaller scale automotive and

portable batteries with several other cell chemistries using single electrolytes.
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Electrolyt:
Mani fesbd [N Electrolyte
End Elamtred o End E krctroda
Bipolar Byl
ﬁm abectrod e
Ma brand Membrane
Electralyte .
Electralyte ‘
Bipolar Cell Construction In a Flow Battery Source: Regenesys

Bipolar cells suffer from higher self discharge due the shunt current which occurs through the electrolyte manifold because the
electrodes of the same polarity are at different potentials.

Bipolar batteries are also called "Layer Cells" and "Stacked Wafer Cells"

Electrode Interconnections
The internal resistance of the cell and the distribution of the currents and potentials within the cell are affected by the cell geometry which must be
optimised to provide robust connections, minimum length current paths, and even distribution of currents to avoid local hot spots and uneven

potentials which could give rise to unbalanced, damaging chemical reactions at different parts of the electrodes.

Sealed Cells and Recombinant Cells
Most batteries these days seal the electrolyte into the cell case. This is to prevent leakage of electrolyte and to prevent any gaseous products of
charging and discharging from escaping into the atmosphere. The cell may also include a catalyst to promote recombination of these gaseous

products. Such cells are called recombinant cells.

Safety Vents

When a cell is sealed, high internal pressures may build up due to the release of gases and due to expansion caused by high temperatures. As a
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safety precaution sealed cells usually incorporate a safety vent to allow excess pressure to be reduced in a controlled way.

Cell Casing

As with the internal cell construction there are many variants of case designs. Some standard, low power packages are shown below.

Cylindrical Cells

Energy Cell Case Sizes

.

S EETIHE T
AR LD

AliALiwE] IO TR TR TAN R

RECHARGEABLA

N

E
iR
Y

T L

The picture above shows the most common cylindrical cell sizes from a range of manufacturers. The shapes may be standardized but the voltages
and chemistries are not. The four largest sizes can each house Leclanché, Alkaline, NiCad, NiMH and Lithium chemistries with voltages ranging
from 1.2 to 3.7 Volts. The first two chemistries are used for primary cells and are based on a bobbin construction. The remaining chemistries are
used for secondary cells with spiral wound electrodes. Care is needed to match the chargers to the appropriate cells.

Cylindrical cells provide strong mechanical stability, good energy density and low costs.

It is estimated that 90% of portable, battery-operated devices require AA, C, or D battery sizes.

Multi-cell Batteries

B Brrrern (Bl b L 1

Superrius
ALKALINE

http://mww.mpoweruk.com/cell_construction.htm (10 of 16)5/14/09 11:48 AM




Cell Mechanica Construction

The two batteries shown above are actually made up from groups of cylindrical cells. The type 23A contains eight 1.5 Volt cells and the PP3

contains six 1.5 Volt cells.

Common Household-Battery Sizes

Size Shape and Dimensions

D Cylindrical, 61.5 mm tall, 34.2 mm diameter.
C Cylindrical, 50.0 mm tall, 26.2 mm diameter.
AA Cylindrical, 50.5 mm tall, 14.5 mm diameter.

AAA Cylindrical, 44.5 mm tall, 10.5 mm diameter.

Rectangular, 48.5 mm tall, 26.5 mm wide, 17.5 mm
PP3
deep.

Button Cells and Coin Cells
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Cell Mechanica Construction

Button and coin cells are available in a range of sizes, voltages and cell chemistries. (Zinc -Air cells are also available but not shown)

Pouch Cells

Valence pouch cells

@ Aluminum Laminate Package
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Laminated Film Caso Prasitive Elulmmn
Pouch casings are typically used for Lithium Polymer cells with solid electrolytes, providing a low cost "flexible" (sometimes in unintended ways)
construction. The the electrodes and the solid electrolyte are usually stacked in layers or laminations and enclosed in a foil envelope. The solid
electrolyte permits safer, leak-proof cells. The foil construction allows very thin and light weight cell designs suitable for high power applications but
because of the lack of rigidity of the casing the cells are prone to swelling as the cell temperature rises. Allowance must be made for the possibility

of swelling when choosing cells to fit a particular cavity specified for the battery compartment. The cells are also vulnerable to external mechanical
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Cell Mechanica Construction

damage and battery pack designs should be designed to prevent such possibilities.

The GS-Melcotec example illustrated uses spiral wound electrodes and a solid polymer electrolyte.

This construction, using stacked electrodes is suitable for making odd shaped cells but few applications make use of this opportunity.

Prismatic Cells

m Prismatic [LPE) Fe case

Piagtic Convef Plilg

Prismatic cells are contained in a rectangular can. The electrodes are either stacked or in
the form of a flattened spiral. They are usually designed to have a very thin profile for use in
small electronic devices such as mobile phones. Prismatic cells provide better space
utilisation at the expense of slightly higher manufacturing costs, lower energy density and
more vulnerability to swelling, but these are minor effects which don't constitute a major

disadvantage.

This example from GS-Melcotec has a steel can with spiral wound electrodes and a liquid

electrolyte.

Casa {Hegatwa Temminal }

Thin Film Batteries

Thin film printing technology is now being used to apply solid state Lithium polymer chemistry to a variety of substrates to create unique batteries
for specialist applications. Thin film batteries can be deposited directly onto chips or chip packages in any shape or size, and flexible batteries can
be made by printing on to plastics, thin metal foil or even paper. Because of their small size, the energy storage and current carrying capacity of
thin film batteries is low but they have unique properties which distinguish them from conventional batteries including:

. All solid state construction
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Cell Mechanical Construction
. The battery can be integrated into the circuit for which it provides the power
. Bendable batteries are possible

. Can be made in any shape or size

. Long cycle life and operating life

. Operate over wide temperature range

. High energy and power densities

. Cost and capacity are proportional to the area

. No safety problems

Thin film batteries have a wide range of uses as power sources for consumer products and for micro-

sized applications.
The battery on the right from Oak Ridge Micro-Energy is designed for use in implantable medical

devices.

Other applications include non-volatile memory backup and sensors.

Flexible film batteries like that shown on the left from Infinite Power Solutions are suitable for powering

smart cards and radio frequency identification (RFID) tags.

Under development for ten years, thin film batteries are just recently becoming available in commercial quantities.

High Power Batteries
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Cell Mechanica Construction

While there is at least some standardisation with low power cells, the same can not be said for high power cells which are made in a wide range of
sizes using many different construction techniques. These include foil pouches, plastic or glass box like structures and cylindrical steel tubes.

The large cells on the right are 3.7 Volt Lithium cells. The cylindrical cell has a capacity of 60 Ah, while the prismatic cell has a 200 Ah capacity.
The small cells in the foreground for comparison purposes are AAA size.

Low internal resistance is an important requirement of these cells and this in turn requires thick current carriers and low contact resistances

between the electrodes and the interconnections. Because these cells are designed to carry high currents which cause them to heat up, the cells
usually incorporate features to allow for expansion of the contents and to avoid swelling. There may be voids inside the cell or there could be

special clamps around the outside of the cells to constrain expansion to a particular direction.

Timescales and Costs

In order to achieve economical market shares and at the same time guarantee high quality standards, cells are generally manufactured on high
volume automated production lines. The timescale to develop and prove out an all new battery technology can be typically ten years and the costs
of setting up a production line to manufacture the new batteries can be anywhere from $100 million to $300 million or more. Sales volumes need to

be in the hundreds of millions to break even.

Nomenclature

Cell identification.

There is considerable confusion about naming standards for cells with different systems used in Europe, the USA and Japan as well as
manufacturers ' own standards.

One convention is two letters followed by a series if numbers.

The first letter represents the cell chemistry. The second letter represents the shape of the cell.

The numbers represent the dimensions of the cell in millimetres. For cylindrical cells the first two digits are the diameter and the remaining digits
the length. For prismatic cells the first two digits represent the thickness, the second pair the height and the last pair the width.

Because of the plethora of "standards" the only safe course in identifying a cell is to consult the manufacturers' data sheets.

Examples
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. Common Primary Cells

See Battery Case Sizes for dimensions of common primary cells.

. Cylindrical Cells
LC18650 is a common Li-ion cell in a Cylindrical can Size (diameter18mm height 65.0mm)

See Cylindrical Cell Sizes for a listing of typical cylindrical cell sizes and capacities

. Prismatic Cells

LP083448 is a Li-ion cell in a Prismatic can Dimensions( thickness 8mm height 48mm width 34 mm)

See Prismatic Cell Sizes for a listing of typical prismatic cell sizes and capacities.

See Power Cell Sizes for examples of high power prismatic cells. (High power cylindrical cells are also available)

See also Battery Pack Design
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Alternative Energy Storage Methods including supercapacitors, flywheel batteries, compressed air storage, springs, pumped storage, nuclear batteries and superconducting magnetic energy storage SMES

| Glectropnedin Battery and Energy Technologies

Technologies Alternative Energy Storage Methods
Low Power Cells

High Power Cells " ) ] - N
A brief diversion
Chargers & Charging

Several non chemical energy storage techniques have been developed over the years, mostly for very high power applications and
Battery Management

while all of them have been used in practical systems, apart from capacitors, there has been slow take up of the ideas up to now.
Battery Testing

Cell Chemistries

Some examples are given here.

. S

Free Report Capacitors - The Electrostatic Battery

I%

Buying Batteries in The use of capacitors for storing electrical energy predates the invention of the battery. Eighteenth century experimenters used Leyden jars as the
China source of their electrical power.

Choosing a Battery

How to Specif Capacitors store their energy in an electrostatic field rather than in chemical form. They consist of two electrodes (plates) of opposite polarity
Batteries separated by an electrolyte. The capacitor is charged by applying a voltage across the terminals which causes charge to migrate to the surface of

the electrode of opposite polarity.

The energy stored is related to the charge at each interface, g (Coulombs) , and potential difference, V (Volts), between the electrodes. The

energy, E (Joules), stored in a capacitor with capacitance C (Farads) is given by the following formula.

E=%qV=%CV2

See What can a Joule do? for an example.

Since capacitors store charge only on the surface of the electrode , rather than within the entire electrode, they tend to have lower energy storage
capability and lower energy densities. The charge/discharge reaction is not limited by ionic conduction into the electrode bulk, so capacitors can be
run at high rates and provide very high specific powers but only for a very short period. Typical numbers for capacitors and batteries are given

below:

Capacitor / Battery Comparison
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Alternative Energy Storage Methods including supercapacitors, flywheel batteries, compressed air storage, springs, pumped storage, nuclear batteries and superconducting magnetic energy storage SMES

Energy density | Power density | Cycle life | Discharge time
Device
Wh/L Wi/L Cycles Seconds
Batteries 50-250 150 1-103 > 1000
Capacitors 0.05-5 105 - 108 105 - 106 <1

See also examples of the relative energy storage capacities of capacitors and batteries in the section on Short Circuits.

Since there is no chemical reactions are involved, the charge/discharge reactions can typically be cycled many more times than batteries (108
cycles per device have been achieved). For the same reason, capacitors don't require any special charging circuits and cells can be designed to

accept very high voltages, although for very high capacities the working voltage is limited to a few volts.

Supercapacitors are simply capacitors employing plates with extremely high surface areas providing a high storage capacity. Maximizing the
surface area of the electrodes within the available space means the thickness of the dielectric must be minimised. This in turn limits the maximum
working voltage of the capacitor. For this reason, even though there is no fixed limit, set by the chemistry, on the working voltage of a capacitor as

there is with batteries, for supercapacitors with a capacitance of over 1000 Farads or more the working voltage may be only a few volts.

For high voltage applications such as electric vehicles, a series chain of capacitors must be used to avoid exceeding the working voltage of
individual capacitors and this reduces the effective capacity of the chain. For a series chain of N equal value capacitors the capacity is calculated
from C=c/N where C is the capacitance of the chain and c is the capacitance of the individual capacitors. At the same time, the internal resistance
of the chain is increased to R=rN, where r is the internal resistance of the capacitor, as more capacitors are added. This slows the charge-
discharge rate and increases the losses.

Higher capacitances can be achieved by using parallel capacitors. In this case the capacitance of a group of N parallel capacitors is given by

C=Nc. At the same time the resistance of the group is reduced and is given by R=r/N.

Capacitors are now used extensively as power back up for memory circuits and in conjunction with batteries to provide a power boost when
needed. See Load sharing.

High power versions can provide high instantaneous power but they have limited capacity. See the Ragone Plot below. They are suitable for
applications which require a short duration power boosts such as UPS systems which need fast take over of substantial electrical loads for a short
period until back up power units, such as rotary generators or fuel cells, have switched on and reached their full output. Similarly they can be used
to provide an instantaneous power boost in Electric and Hybrid vehicles.

Supercapacitors are however also ideal for absorbing the energy generated from regenerative braking in EVs and HEVs since they can accept

very high instantaneous charge rates which would exceed the recommended maximum charge rate of the batteries. Used in conjunction with
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Alternative Energy Storage Methods including supercapacitors, flywheel batteries, compressed air storage, springs, pumped storage, nuclear batteries and superconducting magnetic energy storage SMES
batteries the capacitors enable the full regenerative charge to be captured, avoiding the wasteful dumping of the excess charge which the batteries
are unable to accommodate.

See more in the section on Capacitors and Supercapacitors.

History (Electrolytic Capacitors)

Heat - The Thermal Battery

There are two types of thermal batteries, one based on the thermo-electric effect which produces electricity directly from heat, outlined here, and
the other based on chemical or galvanic reactions which is covered in a separate section on Thermal Batteries.

Based on the Seebeck effect, in a closed circuit made up from two dissimilar metals, an electrical potential is created between the two junction
points when one junction is heated, usually by a gas burner, and the other kept cool. Since the late nineteenth century this technique has been
used charge storage batteries and more recently to generate emergency power. The system is not energy efficient and is only suitable for low
power applications. Modern gas powered batteries based on the Seebeck effect are still available today. They operate over a wide temperature

range and are often used in conjunction with solar or wind powered batteries to provide remote or emergency power on dark, windless days.

History

Springs - The Clockwork Battery
Energy is stored in spring which is wound up by a clockwork mechanism. When released, the spring is used to drive a dynamo which provides the
electrical power. This is suitable only for low capacity and low power applications and limited by the short duration of the discharge. The discharge
period can however be extended by using suitable gearing. The Trevor Bayliss wind-up radio is an example of this method. His clockwork battery
produced 3 volts at 55-60 milliwatts giving 40 minutes of play for 20 seconds of winding.
The energy stored in a linear spring is given by the following formula

E =% Kx2
Where K is the spring constant (force required per unit extension) and x is the extension of the spring.

History

Flywheels - The Kinetic Battery
Energy storage in a flywheel is as old as the potters wheel. Slow speed flywheels, combined with opportunity charging at bus stops have been
used since the 1950s for public transport applications, however they are very bulky and very heavy and this has limited their adoption.
The energy stored in a flywheel id given by the following formula
E =% w2

Where | is the moment of inertia of the flywheel (ability of an object to resist changes in its rotational velocity) and wis its rotational velocity (radians/
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second).
The moment of inertia is given by
| =kMr 2
Where M is the mass of the flywheel, r its radius and k is its inertial constant.
k depends on the shape of the rotating object. For a flywheel loaded at rim such as a bicycle wheel or hollow cylinder rotating on its axis, k = 1, for

a solid disk of uniform thickness or a solid cylinder, k = %.

Modern super flywheels store kinetic energy in a high speed rotating drum which forms the rotor of a motor generator. When surplus electrical

energy is available it is used to speed up the drum. When the energy is needed the drum provides it by driving the generator. Modern high energy
flywheels use composite rotors made with carbon-fiber materials. The rotors have a very high strength-to-density ratio, and rotate at speeds up to
100,000 rpm. in a vacuum chamber to minimize aerodynamic losses. The use of superconducting electromagnetic bearings can virtually eliminate

energy losses through friction.

The magnitude of the engineering challenge should not be underestimated. A 1 foot diameter flywheel, one foot in length, weighing 23 pounds
spinning at 100,000 rpm will store 3 kWh of energy. However at this rotational speed the surface speed at the rim of the flywheel will be 3570 mph.
or 4.8 times the speed of sound and the centrifugal force on particles at the rim is equivalent to 1.7 million G. The tensile strength of material used

for the flywheel rim must be over 500,000 psi to stop the rotor from flying apart.

Flywheels are preferred over conventional batteries in many aerospace applications because of the following benefits

Flywheel vs Battery Energy Storage
Energy Storage Characteristic Resulting Benefits
5 to 10+ times greater specific energy Lower mass
Long life (15 yr.) Unaffected by number of charge/discharge cycles  Reduced logistics, maintenance, life cycle costs and enhanced
vehicle integration
85-95% round-trip efficiency More usable power, lower thermal loads, compared with <70-80% for

battery system

High charge/discharge rates & no taper charge required Peak load capability, 5-10% smaller solar array
Deterministic state-of-charge Improved operability
Inherent bus regulation and power shunt capability Fewer regulators needed
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Advanced flywheels are used for protecting against interruptions to the national electricity grid.

The flywheel provides power during period between the loss of utility supplied power and either the return of utility power or the start of a sufficient
back-up power system (i.e., diesel generator). Flywheels can discharge at 100 kilowatts (kW) for 15 seconds and recharge immediately at the

same rate, providing 1-30 seconds of ride-through time. Back-up generators are typically online within 5-20 seconds.

Flywheels have also been proposed as a power booster for electric vehicles. Speeds of 100,000 rpm have been used to achieve very high power
densities, however containment of the high speed rotor in case of accident or mechanical failure would require a massive enclosure negating any
power density advantages. The huge gyroscopic forces of these high speed flywheels are an added complication. Practicalities have so far

prevented the large scale adoption of flywheels for portable applications.

History

Compressed air - The Pneumatic Battery

Compressed Air Energy Storage (CAES) uses pressurized air as the energy storage medium. An electric motor-driven compressor is used to
pressurize the storage reservoir using off-peak energy and air is released from the reservoir through a turbine during on-peak hours to produce
electrical energy. 1 m3 of cavern space can store 5 kWh of energy and minimum pressures are about 1200 psi.

Ideal locations for large compressed air energy storage reservoirs are aquifers (water bearing rock formations), depleted oil and gas wells,
conventional mines in hard rock, and hydraulically mined salt caverns. Facilities are sized in the range of several hundred megawatts. Air can be

stored in pressurized tanks for small systems.

Small systems have also been used in demonstrator hybrid cars.

History

Pumped storage - The Hydraulic Battery

Pumped storage hydroelectricity is another, relatively simple method of storing and producing large amounts of electricity to supply high peak
demands. At times of low electrical demand, excess electrical capacity is used to pump water into an elevated reservoir. When there is higher
demand, water is released back into the lower reservoir through a turbine, generating electricity . About 70% of the electrical energy used to pump
the water into the elevated reservoir can be regained in this process. Some facilities use abandoned mines as the lower reservoir, but many use
the natural height difference between two natural bodies of water or artificial reservoirs. Many pumped storage plants have been installed

throughout the world. Dinorwig in Wales is an example generating 1320 MW of power.

History
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Superconducting Magnetic Energy Storage (SMES) - The Magnetic Battery

Superconducting magnetic energy storage systems store energy in the field of a large magnetic coil with direct current flowing. It can be converted
back to AC electric current as needed. Low temperature SMES cooled by liquid helium is commercially available. High temperature SMES cooled
by liquid nitrogen is still in the development stage and may become a viable commercial energy storage source in the future.

SMES systems are large and generally used for short durations, such as utility switching events.

History

Radioisotope Thermoelectric Generators (RTG) - The Nuclear Battery

Radioisotope Thermoelectric Generators (RTGs) were designed for space applications and for providing power to remote installations such as
lighthouses. Developed in 1959 by the Atomic Energy Commission at Los Alamos and introduced in 1961, these primary batteries are essentially
nuclear powered heat generators which use energy emitted by the natural decay of radioactive isotopes of Plutonium (Pu-238) to provide the heat
which in turn is used to generate electric power in a thermoelectric generator made from an array of thermocouples. Because the electric energy is
created indirectly using the intermediate thermoelectric process the conversion efficiency is only about 4%, however the energy density of the
radioactive source is thousands of times greater than Lithium lon batteries. The technology provides long life batteries which never need

recharging. Early batteries are still operational after over 25 years.

The direct conversion of nuclear energy into electricity is being developed for low power consumer applications. See Betavoltaic Batteries

History

Comparisons

The Ragone plot shows the energy storage and power handling capacity of some alternative storage techniques.
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See more Ragone Plots in the Performance section

See also History 100 Battery Types
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Commercialisation 1956 1990 1997 1901 1920 1960 1982 1992 1999 2003 2002 2003

Energy by Weight: 40-60 30-80 200 220 50 60 110 100 90-140 160 150 300 150 200
Wh/Kg

Energy by Volume 60-75 50-150 140-300 220 100 160 220 -350 270 250 400 500
Wh/L
Recharge Time >10 Hours 8 Hours 6 Hours < 3 Hours < 3 Hours
(Cycle LifeCycles ~ 500-800 2000 1500 200 600 1000 1000 1200 1200
Self Discharge 3% — 4% 20% 30% 20% - 40% <20% Zero 5% - 10% 5% - 10% < 5%
per month
TempRange°C  -40°Cto+60°C -20°Cto+60°C 20°Cto+60°C -20°Cto+60°C
Preferred Charge Method Const Voltage Const Current Dt/dt - NA NA Const Voltage Const Voltage

(- Delta V) (- Delta V) Const Current  Const Current

and Timer
Comments Deteriorates ~ Memory Effect High self Primary Cell ~ Primary Cell Corrosion Dendrite High Temp High Temp Expensive Useful power No field No field No field No field No field No field
with discharge rate Can not accept Can not accept  problems growth 350°C 270°C Toxic materials downto 80%  experience experience experience experience experience experience
microcycles Useful power  Regen loads  Regen loads causes short ~ Damaged if Useful power DOD
down to 50% Uses Needs booster cycle life temp < 200°C down to 80%

Generally energy density DOD replacable due to low Discontinued DOD
depends on whether electrodes  specific power

optimised for capacity or
power
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