Rechargeable Batteries
Ni-Cd, Ni-MH, Li-lon, Li-lon Polymer

The rechargeable battery has been used for mamy tepower RC receivers and servos.

As battery technology improves, we are moving talwaary high capacity devices in the Lithium lon and
Lithium lon Polymer battery types.

The cost for these modern types of batteries islequor exceeding the cost of a 2-stroke or 4kstro
engine. Rechargeable batteries are a sizable amgriatestment that should be maintained in a prope
manner.

Improper charging procedures will reduce the lif¢he battery.

Improper charging procedures can lead to physiaahtor fire.

A 2-stroke or 4-stroke engine that is not set kgperly or is in need of repair will demonstratewkeudly
its "problems". A rechargeable battery has no mgyarts and does not make any sound, if it is not

working to full capacity.

One can "dead-stick" land an RC model with a mégidure. That is not possible with a dischargeddrat
which cannot operate the plane's servos.

The following report is a summary of many smallailstabout Ni-Cd, Ni-MH, Li-lon, and Li-lon Polymer
batteries.

The information will be useful for you to take carfeand maintain your rechargeable batteries.

Edward Sadok
Whitby AeroModellers
Rev:0 April, 2008



Rechargeable Batteries

Ni-Cd batteries

Cell voltage:1.2 volts

Internal Resistance: approximat@lyp)19ohms (after discharge to 1.0 volts)

Operating temperature rangé&0 °C to +60 °C (available capacity greater than 90%) [2]

Energy Density46 watt-hr/kg (Ratio of energy to mass; the enésgyetermined by the charge that can
be stored and the cell voltage, E=qV)

Ni-MH batteries

NiMH cells were devel oped to replace Ni-Cd cells because Cadmium (a carcinogenic) is harmful to the
environment.

Cell voltage:1.2 volts
Internal Resistance: approximat@lyp)25o0hms (after discharge to 1.0 volts)
Operating Temperature ran@®C to +50°C (available capacity greater than 90%) [3]

Energy Density70 watt-hr/ kg (Ratio of energy to mass; The enésgyetermined by the charge that can
be stored and the cell voltage, E=qV)

Comparison between Ni-Cd and Ni-MH batteries[8]

Ni-Cd cells are able to deliver higher currentaithé-MH cells.

Ni-Cd cells can endure abuse physically and eleityi (occasional overdischarges or overcharges and
high temperature work) without serious problemsMW cells are more sensitive in this respect where
high temperatures can alter the special struchatethe metal-hydride electrode must have.

Ni-MH technology is better than Ni-Cd technologytivo aspects: Ni-MH do not contain cadmium which
is harmful to the environment, and Ni-MH technoldms a higher energy density than Ni-Cd.

Ni-Cd and Ni-MH batteries loose effective capacitie to overcharging, overdischarging, self-discimarg
and so on (these loses are often mistakenly atéibio memory effect).



Trickle charging Ni-Cd and Ni-MH batteries [9]

Trickle Charge: A fixed charging current@fLC (where C represents the rated battery capacigppsied
to the battery. This charges the battery in typychb to 18hours. However, charging beyond this limit
can damage the battery.

NiMH cells are more vulnerable to damage than Nie€lis and they get damaged when subjected to
extended trickle charging at rate greater than 0.1C

The trickle charging current for Ni-MH batteriesositd thus be limited to betwe@n033C to 0.05CG0
avoid damage to the battery with an upper timetlohiL8 — 20 hours

Fast Charging Ni-Cd and Ni-MH batteries

A high current during fast-charge of batteries eausn increase in battery temperature and gas gfodu
It is necessary to accurately detect the end ¢fclearge, to avoid battery damage, due to overdhgrg

Excessive charging rates can result in prematureyag batteries and/or irreversible damage.

"Ni-MH technology is not so robust in comparisorNisCd technology. For Ni-MH, operation in extreme
conditions (overcharging, high temperature, higtspure, gas releasing) modifies the special
microstructure of the metal hydride active materiado battery performance is seriously affected.” [4
With Ni-MH cells, "a single over-charging event czause serious battery damage. Therefore, fast re-
charging must be carefully monitored to avoid daentgthe Ni-NH battery." [7]

(Usual charging rates are typically 0.1C and 0.Z@ckle charging rates are at less than 0.1C.)

Fast-charging is typically at 0.5C, 1.0C, and 2.0C.

"Tests show that charging rates higher than 2.@Grary inefficient and they can produce a premature
aging of the battery (battery temperature increaggsficantly)." [4]

"Battery temperature increasing is related to inificy of the charging process (i.e. a growingiparof
the charging current is not dedicated to ionicdfarence but is converted to heat and {hydroges} ga
production)." [4]

The charging process is essentially complete wlydndgen gas is produced by the battery. Any furthe
charging will only produce more heat and hydrogas ig the battery, with very little actual chargiofghe
battery.

If the anodeis overcharged, hydrogen gas is produced. [10]

If the cathodeis overcharged, oxygengas is produced. [10]



For battery chargers, the battery voltage is tisgestparameter to measure during the chargingepsoc
However, "battery voltage depends not only on battharge state, ambient temperature, and battery
design, but it also depends on charging (aspecially when high charging currents are agplid¢4]

Shown below is the effect of charging rate on batteltage. Charging was done at a constant current

The charging process was stopped when the bateted to produce hydrogen gas, which is a sign of
overcharging. (This can be seen where each cud& awruptly on the right of the graph).

Fast charge does not always produce full charge.

Twpical NibdH batterv voltaze evolution at different charging rates
(from 0.1C to LOC) and 23°C of environment temperature,
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In theNi-MH battery graph shown above, "when a 1.0C ratepieapto Ni-MH batteries, only 68% of
nominal capacity can be supplied before overchgrijid]

Twpical MiCd battery voltage evolution at different charging rates
(from (.10 to 2.0C) and 23°C of enviromment temperature,
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In theNi-Cd battery graph shown above, "Ni-Cd batteries acabptit 90% of nominal capacity when a
2.0C charging rate is applied." [4].



Measuring battery voltage to detect end-of-chargepplies better to Ni-Cd batteries than to Ni-MH
batteries. The graph below shows "the relationship betwearimum cell voltage (cell voltage at the end

of charging process, when hydrogen production teaied) and charge rate applied to {Ni-Cd and Ni-MH
batteries}". [4]
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NiCd and NiMH battery voltage at the end of charging process
(average value obtained from statistic data).

"In theNi-MH {battery}, the maximum voltage is about 1.5 vaitdl, independent of charging rate used
(from 0.1C to 1.0C)

However, in theNi-Cd {battery}, the maximum voltage increases as chraygate increases (from 1.65
volts/cell at 0.1C to 1.85 volts/cell at 2.0C)wals above the values for Ni-MH {batteries}. "[4]

"The charging voltage profile in Ni-MH {batteries} is gentle {and} the rise at the end of the charging
process for Ni-MH {batteries} is less pronounced tat for Ni-Cd {batteries}." [4]



Battery Temperature

As a battery charges, battery temperature rises.
Battery temperature rise must be limited to minenizemature battery aging or irreversible damage

The maximum operating temperature of a Ni-MH battdrould not exceed 50°C.
The maximum operating temperature of a Ni-Cd bgtséiould not exceed 60°C.

The charging reaction for Ni-Cad cells is endotherfabsorbs heat). [5]
The charging reaction for Ni-MH cells is exotherr{gives off heat). [5]

With aNi-MH battery, the "battery temperature increases florstart of the charge process, even at a
0.1C rate. Moreover, {the rate of change} of tengpere... becomes significant from {and above theXD.2
charging rate. The reason is that electrochemltaige reactions are exothermic in Ni-MH batterges,
significant disadvantage of Ni-MH technology in quemison with Ni-Cd technology." [4]

With Ni-MH {batteries} studies show a heavy increase of batemperature, above ambient temperature,
when charging rates higher that 0.5C are usedjnaease of 32°C at 1.0C rate). [4]
Therefore chargindli-MH batteries at a rate above 0.5C should be donecaittion.

"The endothermic reaction of electrochemical chaegetions ifNi-Cd batteries improves their behaviour
under fast charging. Tests show that battery teatpex increases only when the battery is nearlto fu
charge, if charging rates below 0.5C are appli€de endothermic nature of charging reactions iseied
at charge rates above 0.5C and battery tempetliattremses as soon as charging starts." Even ameh
rates until 2.0C can be supplied tdli{Cd} batteries without excessive heat problems...... [4]

With Ni-Cd batteries, "battery temperature increasing becaigedficant at charging rates above 1.0C.
Therefore, charging rates higher than 1.0C shoelddne with caution.

—&— NiMH -8 NiCd

35
30 -
25 -
20 -
15 -
10 -
5.
0 i

0.1C 0.2C 0.5C 1.0C 2.0C
Charge Rate

AT (2C)

In figure above, Ni-NH and Ni-Cd battery temperatincrease above ambient temperature (23°C) at the
end of charging process. (average value obtaired §tatistic data) [4]



Charge Acceptance/Charge Efficiency

A battery is considered fully charged only if tHéeetive capacity is above 90% of nominal capadity.
battery is considered discharged, if its effectimpacity is below 80% of nominal capacity).
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For "Ni-MH {batteries}, the capacity that can bepplied efficiently to {Ni-MH} batteries decreases
heavily at charging rates higher than 0.5C. Fangxe, supplied capacity at 1.0C is lower than {f¥f¥o
Ni-MH batteries}.

The highest charge acceptance is obtained at 0&& o 95% in Ni-Cd technology and 98% in Ni-MH
technology." [4]

For both Ni-Cd and Ni-MH batteries, "above 0.56aige acceptance decreases due to increasingybatter
temperature.” [4]



Ni-Cd and Ni-MH Battery Chargers

Charging Ni-Cd batteries and Ni-MH batteries mustlbne with care to avoikcessive temperature
increase in the battery.

Recall the maximum operating temperature fbli-&£d battery is50°C. Therefore, if room temperature is
20°C, the Ni-Cd battery temperature can only ineeesnother 40°C, during charge, before it will suff
damage.
ForNi-MH batteries, the maximum operating temperaturevgfolt is50°C. Therefore, during a
charging operation, at 20°C room temperature, &N battery can experience only an additional 30°C
rise in temperature, before the battery will sutfamage.
A well designed battery charger will contain:

a battery temperature sensor (for Ni-Cd and Ni-Mittdries)

a method to measure the slope or inflection ofebbattoltage (for Ni-MH batteries)

a method to measure a negative voltage dip o¥][- (for Ni-Cd batteries)

as an option, a timer to turn off charger unitr (fickle charge)

A charger designednly for Ni-Cd batteries should nbe used for charging Ni-MH batteries.

A charger designed for Ni-MH batteries da@ used for charging Ni-Cd batteries.



Ni-Cd Battery charger: using the [- V] method [5]
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"When a Ni-Cd battery reaches full charge, its agét decreases slightly, -dV, as shown in the figure
above.

(Some types of Ni-MH batteries do not exhibit an#figant voltage drop when reaching their full ceipa
Hence, the [-V] method is not suitable for charging Ni-MH bates)

The negative delta voltage methodV] consists of stopping the charge, as soon asdhage slope
versus time, becomes negative. This charge terlmmtgchnique is optimized to fast charge a Ni-Cd
battery to its full capacity.

In fact, a Ni-Cd battery charged with the Y/ method is slightly overcharged. The figure ab®hows
that the battery temperature has substantiallyeas®d at poird, when charge is terminated, which may
decrease the life-time of the battery." [5]

Before pointA is reached, there is a portion of the charge otittet is not converted into active battery
charge, but into heat.



Ni-MH battery charger: inflexion point method [5]
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"In the battery charging curves shown above, mbtebattery current between poBiand the negative
voltage drop at poim, is not directly converted into active battery icfeg but into heat.

This "heat" can be seen in the temperature curgestabove. The poir corresponds to the inflexion
point of the battery voltage curve versus time].(J& point B, the slope of the battery voltage curve
changes from a steep positive slope to a moreashalositive slope).

The Ni-MH battery should not be charged beyond pBinAt pointB, the battery temperature is about
30°C and if the ambient room temperature is 20?€Ni-MH is already at its maximum operating
temperature of 50°C.

Therefore the inflexion point method should be ueedharging Ni-MH batteries. (And can be used fo
charging Ni-Cd batteries as well).

(Detection of the inflexion point of the voltageree with a microprocessor computer unit requires th
evaluation of the first derivative (i.e. slope)tbé battery voltage curve versus time, to deteettiange in
slope at poinB). [5]

Trickle charging can be used to finish off the ¢jivag of the Ni-MH battery.

10



Damage Recovery of Ni-Cd or Ni-MH Battery

"Battery damage is detected by measuring the opeunitchattery voltage.

A voltage of less than 1¢ell shows an over-discharged battery. In this caseckle charge (C/10) is
recommended until the battery is recovered (thdah&sbattery voltage is increased to 1/8ell)

If the voltage remains lower than 1.2/8¥l| after five minutes, the C/10 charging process be stopped
because the battery is irreversibly damaged." [7]

Internal Resistance of Ni-Cd and Ni-MH batteries

Think of a battery as a pure voltage source iresesiith a resistor.

This resistor is the internal resistance of theegat

The value of internal resistance is determinedhieytiattery chemistry and by the physical consoaatif
the battery.

The internal resistance ofNi-Cd cell is typically 19-milliohm (i.e. 0.019 ohms}y][ [2]

Therefore, a 9.6 volts Ni-Cd battery (eight caliseries) will have an internal resistance of apipnately
0.152 ohms (i.e. 8 x 0.019 ohms)

The internal resistance ofNi-MH cell is higher, typically 25-milliohms (i.e. 0.025ims). [1], [3]

A 9.6 volts Ni-MH battery will have an internal isgnce of approximately 0.2 ohms.

Internal resistance influences the magnitude afezuithat the battery can supply. A battery witbva
internal resistance can supply more current thiaati@ry with higher internal resistance.

As a battery discharges, its internal resistanceeases so that less and less current can be adipplihe

load.

Ni-Cd batteries have a lower internal resistanes tNiMH batteries. Hence, in high current drain
applications (such as when using a high torqueod¢he Ni-Cd battery is more suitable than a Ni-MH
battery.
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Lithium lon batteries and Lithium lon Polymer bais are very similar.

Since no metal battery cell casing is needed feLithium lon Polymer battery, it can be lightedahcan
be specifically shaped to fit the device it willvper.

Li-OH batteries

Lithium-lon cells are typically made with aluminurases a for reduced weight and increased capabigy.
cells come in low profile, high energy density pag#s with capacities ranging from 190 mAh to 1800

mAh.

Lithium lon Cell Specification

Nominal Voltage
Nominal Capacity

Method
Charge Max. Current

Max. Voltage
Discharge Max..Cur.rent

Termination
Operating Charge
Temperate | Discharge

3 months
Storage

12 months
Life Minimum

Expectancy| Typical
Notes:

3.7V
190mAh to 1800mAh
Constant Current (CC) / Constant Voltage (CV)

1C

4.2Vt
1C
3.0vt
0°C to +45°C

-20°C to +60°C
-20°C to +45°C
-20°C to +25°C

>300 cycles (80% rated capacity)
500 cycles

T Charge termination and discharge termination required.

Reference: [11]

Energy Density150 - 200watt-hr/kg (Ratio of energy to mass; the enesgyetermined by the charge
that can be stored and the cell voltage, E=g\2] [1
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Li lon Polymer batteries

The Lithium lon Polymer cells come in low profileigh energy density packages for fitting into those
tightest of spaces. With this technology advane#is tiave been made lighter providing reductiothin
overall end product weight, with capacities rangiogn 100 mAh to 4500 mAh.

Lithium Polymer Cell Specification

Nominal Voltage 3.7V
Nominal Capacity 100mAh to 4500mAh
Method Constant Current (CC) / Constant Voltage (CV)
Charge Max. Current 1C
Max. Voltage 4.2Vt
. Max. Current 2C
Discharge —
Termination 3.0Vt
0 (o]
Operating Charge 0°C to +45°C
Temperate | pDischarge -20°C to +60°C
1 months -20°C to +45°C
Storage
6 months -20°C to +30°C
Life Minimum >300 cycles (80% rated capacity)
Expectancy| Typical 500 cycles
Notes:

T Charge termination and discharge termination required.

Reference: [11]

Energy Density180 - 240watt-hr/kg (Ratio of energy to mass; the enesgyetermined by the charge
that can be stored and the cell voltage, E=qV)

Since no metal battery cell casing is needed, &ti@ty can be lighter and it can be specificallgpdd to
fit the device it will power. Because of the dengackaging without intercell spacing between cylical

cells and the lack of metal casing, the energyitenLi-poly batteries is over 20% higher thamatlof a
classical Li-ion battery. [13]

(Recall that the energy density of a Ni-Cd celliswatt-hr/kg and 70 watt-hr/kg for a Ni-MH cell).
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Charging Li lon and Lithium lon Polymer batteries

Shown below is a 2-cell battery (i.e. 2 x 4.2 veit8.4 volts). [Reference: 15]

Lithium Polymer Battery Charge Profile

Constant Current Charge
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Reference: [15]

You must use a charger designed for Lithium Polymer Batteries. Do not use a charger intended for
NiCd/NiMH batteries - you will damage the cells permanently.

Lithium Polymer cells cannot be "fast charged". Never charge at a mA higher than the capacity of the battery
(1C max charge rate). For best charging, low charge rates should be used when possible. You must not
over discharge your Lithium Polymer cells or they may become permanently damaged

Charge at a constant current until the battery voltage reached the 4.2 voltage limit at which time the current
is reduced to maintain 4.2 volts.

Operating temperatures for charging are 0°C to 45°C

The Charge cycle called a CC/CV two-stage charge cycle must be performed to fully charge the battery.

= The first stage of the charge cycle is a Constant Current charge until the battery voltage
reaches 4.1 to 4.2 volts.

= Upon reaching this peak voltage, a Constant Voltage charge is initiated until the charge current
reduces to 3% of the rated current. Upon completing charge, a top off charge may be used to
insure to counteract the self-discharge of the battery and protective circuit. This top off charge
may be initiated when the open circuit voltage of the battery reaches less than 4.05 volts and
terminate upon reaching the full charge voltage of 4.1 to 4.2 volts. Depending on the battery,
this top off charge may be repeated once every 20 days.

It is important to note that trickle charging ist maceptable for lithium batteries. The Li-ion chisimy
cannot accept an overcharge without causing dateate cell, possibly plating out lithium metal and
becoming hazardous. [14]
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Overcharge Reference: [15]

A strict charging regime is necessary to propenky safely charge Lithium lon Polymer batteries.
Most batteries contain a protective circuit to gnetvovercharge and over discharge. This circuitsitine
charge voltage to a maximum 4.2 Volts. The ciraigb contains a thermal sensor, which disconnects
charge if the temperature reaches 90 °C (194 °F).

If a cell is inadvertently overcharged, the cellynh@at up and vent with a flame.

Over Discharge  Reference: [15]

Cell should cutoff at 3.0 Volts.

Discharge Rate

For LiPo cells, the discharge rate, in mA-hr isdghen a 5-hour discharge rate.

Lithium cells do not lose their capacity when daajed quickly, as much as lead-acid do. Howeveenwh
the discharge rate gets to a few minutes LiPo dallbse some capacity. Some data sheets will theeve
capacity versus discharge time.

Lithium polymer cells differ in their design. Soraee designed for rapid discharge for the RC inguestd
some are designed for a slower discharge in ofh@ications. In the case of fast-discharge (1026 or
3 to 6 minutes) batteries, the trend is to giveddyeacity at fast discharge, since the 5 hour digghrate
capacity is irrelevant to these users. Refereie@:

Lithium Polymer Storage Guidelines Reference: [15]

Store the cell in a dry location between —20°C a0WC.

Keep out of direct sunlight.

When storing for an extended period, store betwl®8g to 30°C

Store at 40% of capacity.

When charging the first time after long-term st@étgnay take several cycles to achieve original
performance

Lithium Polymer Cautions Reference: [15]

Lithium Polymer Batteries and packs that are abusagl cause damage to the pack or the device megulti
in personal injury.

Do not expose the battery to extreme heat

Do not short circuit battery

Do not puncture or modify the battery or pack

Do not immerse the battery pack in water

Never reverse charge the battery

Charge only with charger specified by equipment uf@cturer

Never connect cells in parallel and/or series #@natnot designed for that purpose. A cell
mismatch may cause overcharge and venting witheflam

Never leave the battery unattended while undergehar discharge.

Pay special attention when using an unknown briietiall brands contain intrinsic safety
features that protect the cell when stressed.
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