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FOREWORD

In accordance with Title I, Section 402(b) of the Omni-
bus Crime Control and Safe Streets Act of 1968, P.L. 90-351,
the National Institute of Law Enforcement and Criminal Jus-
tice (NILECJ) has established the Law Enforcement Standards
Laboratory (LESL) at the National Bureau of Standards.

LESL has been established to conduct research Teading to
the development and promulgation of national voluntary stand-
ards that will assist law enforcement and criminal justice
agencies in the selection and procurement of quality equip-
ment. In addition to standards development, LESL is defining
minimum performance levels and developing methods for measur-
;ng Ehe required performance of equipment designated by

ILECJ.

This report, LESP-RPT-0202.00, Batteries Used With Law
Enforcement Communications Equipment: Chargers and Charging
Techniques, was prepared by the Electromagnetics Division of
the National Bureau of Standards. Additional reports, stand-
ards, user guidelines, as well as state-of-the-art surveys
are planned for issuance under the LESL program in the areas
of protective equipment, communications equipment, security
systems, weapons, emergency equipment, concealed objects de-
tectors, and vehicies.

NILECJ Standards are subject to continuing review. Tech-
nical comments and recommended revisions are invited from all
interested parties. Suggestions should be addressed to the
Program Manager for Standards, National Institute of Law En-

forcement and Criminal Justice, Law Enforcement Assistance Ad-

ministration, U. S. Department of Justice, Washington, D. C.
20530. ‘

Martin B. Danziger

Assistant Administrator
National Institute of Law En-
forcement and Criminal Justice
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CHARGERS AND CHARGING TECHNIQUES FOR BATTERIES
USED WITH LAW-ENFORCEMENT COMMUNICATIONS
EQUIPMENT

by
W. W. Scott, Jr.

ABSTRACT

Proper charging techniques are extremely im-
portant if a user expects to obtain a long battery
life over many discharge-charge cycles. This report
discusses basic charge characteristics of sealed
nickel-cadmium and sealed lead-acid batteries and
cells. Methods of charging such batteries are
presented along with advantages and disadvantages
of different common charge systems. Fast-charge
systems are also discussed with emphasis placed

on ways of determining when full charge on a bat- |
tery is achieved. |

1. INTRODUCTION

Charging is the process of supplying electrical energy
to a battery for conversion into stored chemical energy. No
attempt should be made to charge primary batteries, such as
most alkaline-manganese dioxide or all mercuric oxide types
[1]. Such charging usually creates gas pressure within the
battery with possible sudden hazardous release.

This report will emphasize charging methods for sealed
secondary batteries,_particularly sealed nickel-cadmium types,

with some information provided on sealed lead-acid batteries.




2. BATTERY CHARGING CHARACTERISTICS

2.1. General

One of the most critical operations that can be performed
on a cell, and one which most directly affects the useful 1life
of the cell, is that of charging. One manufacturer of sealed
nickel-cadmium batteries reports that multiple instances of
rapid deterioration of batteries in the field was due to
destructive charging techniques [2]. The manufacturer found
that since nickel-cadmium batteries have very low internal
resistance (lower than lead-acid batteries), a charger voltage
just slightly above the battery voltage may pfoduce a very
large charging current. This large charging currenf, while
it does no harm during the first 85% of the charge cycle,
must decrease rapidly, in a non-linear manner, for the
remainder of the charge cycle to avoid overheating or
venting and probable damage to the battery.

A manufacturer of sealed lead-acid batteries found that
the cycle life of their batteries is greatly affected by
the charging method used [3]. Assuming bptimum conditions,
it is claimed that this type of battery can deliver over 100

charge-discharge cycles.

2.2. Sealed Nickel-Cadmium Cells and Batteries

Constant current charging is usually recommended for
both pocket-plate and sintered-plate sealed nickel-cadmium
cells. Charge (or discharge) current is usually expressed
in terms of the nominal battery capacity rating (C) in
ampere—hours divided by the charge (or discharge} time [4].
Current is often expressed in written notation as a fraction
or muitiple of C. For example, a current of 0.1 C is that
curreﬁt which in ten hours would theoretically fully charge
(or discharge) an ideal battery. Other examples are shown in
table I.

A general rule is that currents between about 0.05 C
and 0.1 C may be applied for an indefinite period of time
without serious overcharging occurring. In many cases, it
is possible to-charge at rates much higher than 0.1 C, but
control devices to prevent high-rate overcharge are required.
Rates lower than about 0.05 C are generally insufficient to
charge a battery, but are used after the battery is charged
to maintain the battery for months at a time where self-
discharge might otherwise reduce the available capacity. To
obtain optimum battery performance, it is usually recommended
that a battery on trickle charge be discharged every 6 or 12
months and fecharged at the normal rate. Table I relates
common charging rates (in terms of a fraction of the battery

nominal capacity rating) in amperes and resulting time to




TABLE I
CHARGE RATE DESCRIPTIONS

NOMINAL
CHARGE RATE CHARGE TIME
DESIGNATION (AMPERES) (HOURS)
Standby (trickle) 0.01 C to 0.03 C 100 to 33
Slow (overnight) 0.05 C to 0.1 C 20 to 10
Quick 0.2 C to 0.5¢C 5 to 2
Fast 1 C and more 1 and less
NOTE

The charge rate in amperes is equal to the nominal
battery capacity rating (C) in ampere-hours divided by the

charge time in hours. It is assumed that the battery is to

be brought from a discharged to fully charged condition and

that there is 100% charging efficiency.

"bring a completely discharged battery to full charge

(assuming 100% charge efficiency with commonly used charge-
rate designations).

Unfortunately, 100% charge effigiency in a battery does
not occur so that in actuality, for comnstant current charging,
charge time is usually extended to obtain a full charge.

The amount of extended charge time cannot be exactly specified
because the total charge required depends upon the specific
history, environment (mainly temperature), charge rate,
initial charge state, and amount of overcharge for that cell.
However, most manufacturers recommend that their cells and
batteries be charged at the 0.1 C rate (10-hour rate) for

14 to 16 hours. For example, a one ampere-hour cell would be
charged at 100 milliamperes (mA) for 14 to 16 hours.

Generally speaking, charging efficiency is lower for
damaged cells, lower charge rates, higher initial charge
states, and higher cell temperatures. Also, certain charac-
teristics can significantly affect cell charge acceptance.

For example, a cell charged at a temperature of 50° Celsius
(50°C), even when charged to a timé-current product equal to

160% or more of rated capacity, will produce no more than




75% of its rated capacity when discharged. At a temperatﬁre

of 25°C, the same cell would produce 100% of rated capacity

for an input charge of 160%.

See figure 1.
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Another characteristic greatly affecting charging

efficiency is charge rate. Figure 2 shows that a charging
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Figure 2. Charging efficiency for different charge rates at
an ambient temperature of 25°C.
Adapted from copyrighted material used by permis-
sion of the General Electric Company (see
acknowledgment) .
rate of 0.05 C produces only about 75% of nominal capacity,
even after a charge input of 140%. However, charging at the
0.1 C rate will produce 100% nominal capacity available after
about a charge input of 160%. Charging at the 1 C rate produces
better efficiency and might be preferred except that, as is
shown in figure 3, the pressure and temperature of the cell

becomes destructively high near full charge.
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acknowledgment) .
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Exposure to high temperatures (above 50°C) will tend to
degrade the insulation (often nylon) which separates the
positive and negative plates. The degradation is cumulative
and while brief excursions to elevated temperatures may cause
no noticeable harm, repeated exposures will affect the life of
the cell.

Many sealed cells of the cylindrical type have safety
vents to release excessive pressure, typically 150 to 300
psi (10 to 21x10° N/m?). However, each time the safety vent
opens, water in the electrolyte is lost, and cell capacity and
life are reduced. Users of sealed nickel-cadmium batteries
can sometimes relate instances of case swelling or even

violent explosion during charging or shortly thereafter [5]

[6]. From figure 3, it is apparent that this problem may

" arise at continued high charge rates after full charge is

attained. One instance was related to the author‘where a

communications battery from one manufacturer was ruined when

placed in a charger built by another manufacturér for another

communications system. In addition, should a cell be reverse

charged for any reasén; similar symptoms may occur [7].
Batteries commonly used in communications are designed

for 0.1 C rate charging where gas pressures are typically

about 20 psi (14x10* N/m2?). Special constructions are available

that are claimed to safely withstand the 30 to 60 psi (21 to

41x10"* N/m?) pressures usually generated after O.E‘C charging

[3]1. One might correctly deduce from figure 3 that high rate
9
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charging (even up to a charge rate of 10 C or more) iéfpos-
sible when the cell is nearly discharged. The problem
arises when the ce}l is nearly charged and a high charge rate
is continued. Charging circuits have been designed to sense
battery charge state and to automatically reduce the effective
charge rate. These charging circuits will be discussed in
section 3.

In summary, it is important to keep nickel-cadmium bat-
teries cool to achieve full charge capacity énd optimum bé%-
tery life. Also, it is important that charge rates be within

certain limits, if constant-current charging is used.

2.3, Sealed Lead-Acid Cells and Batteries

Constant potential charging with current limiting
is usually recommended for sealed lead-acid cells.  Unlike
nickel-cadmium batteries, the voltage of a.lead-acid cell is
a more reliablie indicator of its state of charge. The voltage
to the charger should be carefully regulated because AC line
Voitage variations, of gfeatest effect when the battery
approaches full charge, may produce a large change in charging
current unless some means of limiting the current is provided.
Current 1imiting may be accomplished through use of a current-
limiting resistor (see section 3.2). Large charging currents
in a battery near a state of full charge can produce high
temﬁeratures and a significant amount of gas. This factor
alone may gréatly affect the life of a sealed lead-acid'

battery. 10

ST P ———

Other factors known to shorten the 1ife of these
batteries are excessive discharge rates and repeated deep
discharges. Excessive charge rates, overcharging, high
charge or discharge temperatures, and long storage periods
without activity are also known to adversely affect battery
life.

In applying the constant-potential-with-current-limit
charging procedure, the voltage selected for sealed lead-acid
batteries should be 2.35 or 2.40 volts per cell. Initial
current should be limited to about 0.15 C or 0.20 C amperes.
As charging proceeds and battery voltage approaches that

voltage set into the charger, the current will decrease.

. Using this procedure, the battery usually will be charged

in about 14 to 16 hours.

Charging efficiencies with these batteries are such that
it is nécessary to apply about 125% to 130% of the energy
removed during discharge to return the battery to full charge
cqndition. As more experience is developed with sealed
lead-acid batteries, charging recommendatioﬁs will no doubﬁ
be advanced that will greatly shorten the charging time.
However, it will always be necessary £o avoid conditions
where excessive gas is created that may cause undesired

venting of the battery.

11




3, CHARGING TECHNIQUES AND CIRCUITS | Eo = 1Ry + Rp) * Eg, (3.1)

Rechargeable batteries of the types discussed have the ? orT .
capability of being charged from a hundred to a thousand : E. - Eg
times. However, as was pointed out earlier, the selection ¢ R, *+ Rp | (5-2)
i

of a charging system is very important in order to obtain

where EC = charger voltage in volts,

an effective charge without significantly damaging the bat-
4

EB = battery voltage across terminals under current

tery. This section will discuss several frequently used loadi . 1 %
oading, in volts,

methods of charging such batteries.
E. = hattery voltage across terminals under no current

load in volts,
3.1. Constant Voltage Charging

iC = charging current in amperes,
All chargers have a voltage higher than that of the
Ri = internal battery resistance in ohms, and
battery in order for a charging current to flow. Figure 4
R, = lead resistance in ohms.

illustrates the principle involved for a Constant-Voltage
Unfortunately, battery voltage EB for a nickel-cadmium

Charger.
/2 R battery is dependent upon many variables such as state-of-
/
L BATTERY charge, temperature, charge rate, load rate, etc. and can-
: AAAAAAA ,
/,/”’?——-\\\5\‘ + not be precisely predicted. Voltage drops due to lead resist-
+ c r—— ————) ance RL are often insignificant unless high charging currents,
CONSTANT ; Ri I long lead lengths, small diameter leads, or poor contacts are
¥2%$é%5 E E l ' present. The internal battery resistance Rs is usually very
C B
CHARGER I —— E : ‘ low (several milliohms). In order to keep the charging cur-
- | rent i. at a reasonably low value, especially near overcharge
- ; conditions, the voltage difference EC—EE must be accurately
VAVAVAVAVAVAVA maintained at a low level. Because this is relatively
172 RI_ difficult to accomplish, manufacturers usually do not

. *Ep = Eg * icRy-
Figure 4. Constant-voltage charger. '
12 13
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recommend the constant voltage method for charging sealed
batteries of any type. However, nickel-cadmium batteries
of the vented type may be safely charged by this method

since overcharge and attendent gas generation have little
adverse effect on this type of battery. Also thé low cost

of the charger is an advantage.

3.2. Constant-Cur¥ent Charging

Constant-Current chargers use simple construction and
therefore are the least expensive of the chargers recom-
mended for sealed batteries. One simple way of obtaining
essentially a constant-current charger is to greatly increase
the charger voltage EC so that it is much larger than the
battery voltage EB, and to add in series a large current-

Jimiting resistor, RS. The circuit equation then becomes:

Bo = ig(Rg + Ry + Ry) + Eg (3.3)
but as
Rg >> Ry + Ry,
then
Eg = igRg + Eg (3.4)
or
i ~oc fs ,
C R ' (3'5)
S )
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Since EC is large compared to EE’ the charging current
is largely determined by the value of RS' It is readily seen

that small variations in EE do not grossly affect iC' One

manufacturer uses a miniature incandenscent lamp as the series

current-limiting resistor, thereby providing a visﬁal indica-
tion of whether charging current is being accepted by the
battery or not. In modern practice, current limiting can
be easily accomplished by silicon-controlled rectifiers and
other solid-state series regulators for about the same cost
as the series resistor, but without wasting supply power and
creating heat,

As discussed in section 3.2, sealed nickel-cadmium
batteries are usually charged at the 0.1 C rate for 14 to
16 hours to bring the battery to a fully charged condition.
The charge rate of 0.1 C has the advantage of allowing use
of low cost cells without the hazard of batteryAfailure
because of high pressures and temperatures such as may
happen at higher charge rates. Another advantage is that
smaller and more reliable and economical chérgers can be
used at this lower charge rate. Perhaps the major advantage
to the user is that in general, sealed nickel-cadmium cells
may be charged at the 0.1 C rate indefinitely without damage
or serious performance deterioration. One manufacturer
reported that cylindrical cells charged at 0.1 C for as

long as two years showed no loss in capability [8]. However,

15
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it was cautioned that button cell batteries are more critical,
and excessive overcharge at the 0.1 C rate should be avoided.
Another manufacturer reported their cells had functioned
successfully for more than four years at a 0.1 C charge rate.
The cells were essentially on continuous overcharge since

very little capacity was removed on each cycle. However,

it is reported that some engineers, seeking to reduce stress,
design their systems for continuous charging at the 0.05 C
rate as an extra safety margin against battery failure [9].

A mere recent report on sealed nickel-cadmium batteries
used in portable transceivers cautioned that there was
difficulty with the 16-hour recharsing schedule [10].
Although some radios would be heavily used, depleting the
battery in 8 hours, most probably would not. In these cases,
most of the 16 hours wouid be spent in overcharging the
battery. The author argued that while continuous charging
at this rate is not usually considered detrimental to indi-
vidual cells, packaging the cells into batteries for use in
portable transceivers presents unusual problems. First,
ceils are usually packed into a plastic battery housing
(which is a thermal insulator) allowing temperature buildup
during overcharge. Second, batteries in portable transceiver
service are subjected to a very wide rangé of ambient tempera-
tures both in normal use and recharge. He argued that for

long battery life, temperatures during recharging should be

16
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reduced, but not at the expense of increasing the 16 hour
recharge time. He suggested a different type of charger,

one that charges at higher than 0.1 C rate for a major part
of the battery capacity, and then switches to a lower current

before full charge is attained.

3.3. Charge Sensors and Fast Charge Systems

Adaitional types of chargers are available for charging
at rates higher than 0.1 C, but these all use some means of
sensing when the battery is fully charged, and they all
involve some means of limiting the cliarge current to a safe
value. This section will discuss various methods of

, determining full-charge conditions in a battery.

As a sealed nickel-cadmium cell is charged, the internal
pressure, cell case temperature, and cell voltage all increase
at a low rate. However, as the cell approaches'full charge

and proceeds into overcharge, the three parameters begin

as the cell approaches full charge, is the key to most fast-
charge control methods. With appropriate sensors, these

parameters can signal when fast charge must be terminated.

17

changing at a much greater rate. This rate-of-change increase,




3.3.1. Voltage-Controlled Fast Charger

A voltage-controlled charger prevents applied charging
voltage from exceeding a preset voltage level related to the
peak cell voltage. However, the peak attainable cell voltage
is dependent upon many variables, including charge rate,

cell design, manufacturing process, and cell temperature.

These variables make it difficult for any one voltage-controlled

charger to charge all types and sizes of sealed nickel-
cadmium cells. However, for a given cell, most of these
variables can be fixed within the charger design. Unfor-
tunately, cells may have a temperature coefficient of

voltage of up to -4 millivolts per degree Celsius, thereby
requiring temperature compensation of the voltage cut-off
point. Otherwise high temperature conditions may occur

where the fast charge rate continues into overcharge.
Reliable voltage-controlled chargers probably should have one

or more temperature sensors attached to the battery.

3.3.2., Temperature-Controlled Fast Charger

Temperature-controlled chargers basically consist of a
constant-current power supply and a thermal switch attached
to the battery to be charged. The switch is set to open the
charging circuit when the battery reaches a certain tempera-
ture. The temperature 1s chosen to terminate the charge |

before the internal cell pressure exceeds a safe level.

18

eI e iR

Temperature changes as high as 5°C per minute can be obtained
when charging at the 1 C rate.

The reliability of any temperature-controlled fast
charge system depends upon accurate design information on
battery characteristics, thermal switch accuracy and
repeatability, and heat transfer characteristics of the cells
and battery case. Battery characteristics are perhaps the
most important factor because the pressure of a sealed
nickel-cadmium cell is temperature-dépendent when in over-
charge. The colder the cell, the higher the overcharge
pressure. Therefore, if this charging system is to be used

to charge batteries in cold ambient conditions (such as

, after a cold winter night patrol), the pressure-temperature

relationship for the type of cell used should be known to
allow safe charging. Most manufacturers recommend that
these cells be charged within ambient limits of. about 5°C

and 40°C to avoid battery life deterioration.

3.3.3. Pressure-Controlled Fast Charger

Pressure-controlled chargers make use of a pressure switch

attached to one or more cells of a battery. As a nickel-cadmium

cell approaches full charge, pressure increases rapidly, as
shown in figure 3. During overcharge conditions, almost all
the charging current goes into gas production. In fact, the

pressure can increase at the rate of 3 psi (2x10* N/m?)

19




per minute at the 1 C charging rate. This type of charging
control is feasible and has been successfully applied to
satellite systems for several years. However, pressure-
controlled charging systems can be relatively expensive

since special cell construction is required in order to
include a pressure sensor and still insure that the cell

is compatible with other cells in the battery. As mentioned
previously, if cells within a battery are not well-matched,
the lowest capacity cell will be driven into a reverse-charge
situation during near discharge conditions, thereby seriously
affecting the life of the battery. The special cell is
unusual in that it has a third, and sometimes a fourth,
electrode built into it. The third electrode is usually
connected to the negative electrode through a resistor
providing a voltage indicative of the cell pressure. Fully
discharged sealed batteries have been repeatedly recharged

to 80% of capacity in less than 20 minutes by this method,

without evidence of immediate or cumulative adverse effects.

3.3.4, Coulometer Semnsor

Another method makes use of a chemical coulometer
connected in series with the battery at all times including
discharge and charge. The coulometer consists essentially of
two cadmium (negative) plates, one of which is completely"

charged and the other discharged. When current is passed

20

through the coulometer, a very low voltage is developed
which rises rapidly after the battery has reached about 80%
rated charge condition. The coulometer has the advantage
that it deiermines the charge-time product. Thus the same
charge level would be obtained and indicated if a heévy
charge current for a given short period of timne, or a small
charge current for a proportionately lomger period of time
were passed through the coulometer into the battery. The
voltage signal can be used to terminate the fast charge.
Disadvantages include high cost, leakage rate characteristics
that may be different than the battery, and difficulties in
getting the coulometer and cells to track across the tempera-

ture range of the charge cycle.

3.3.5. Time Charge Method

All of the charge systems just discussed assume that
the batteries can be placed on charge at any state of dis-
charge. In other words, cells with an unknown charge-state
can be safely charged at a;fasﬁ rate using the previously
discussed systemsfffHOﬁQVer,'if i; isiknownrwith certainty
that a battery,i§'é$§@ﬁ£iélly discﬁaféed, there is one addi-
tional fast—éhérgéxSYsﬁQﬁ:that coﬁfd be used. It makes
use of the fgét thatnﬁéélé& nickel—@ﬁdﬁium batteries‘can
safely accéptd;ery high Ehaige(ratgsiﬁroviding thé,béttery
is not forcéd into an pvénchafge cdﬁé&fiqﬁ. Charge rates as

high as 20 C amperes:or'mére;caﬂ?bebsgggessfully applied.
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This method makes use of a high-rate constant current
supply and a timer to cut off the current at a predetermined
time. For example, a 500 milliampere-hour (mAh) battery
which is essentiélly discharged may be fast charged at the
5 C rate (2.5 amperes) for a timed interval of about 10 to
12 minutes. It should be remembered that the charge accept-
ance efficiency of nickel-cadmium batteries improves at the
higher charge rates.

It is cautioned that the timed-charge method can be
very dangerous as there is no margin for error should the
battery actually have a smaller time-charge capacity than

expected.

3.3.6. Dumped Time-Charge Method

A modification of the timed-charge method is sometimes
utilized in an effort to gain knowledge of the cell state-
of-charge. For example, the existing charge (if any) may be
"dumped" through nc less than a 0.1 ohm resistor to quickly
bring the cell down to a fully discharged condition. The cell
can then be charged with a timed-charge. Alternatively, a
known amount of charge may be '"dumped" through a known '
resistance for a specified time interval. In either case, g
a known timed-charge (up to the amount dumped) may be safely |

applied without danger of harming the cell. However, as %
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already emphasized, such a method may be successfully applied
only to individual cells and not to batteries. " Individual
cells within a battery must not be discharged below about

1.0 volts per cell. If this occurs, one or more cells may

be reverse charged with probable damage to those cells.

3.3.7. Pulsed Charge-Discharge Method

Theré has long been much interest in rapid-charge
systems for sealed cells and batteries. A successful
rapid-charge system would be of great use in the portable
communications industry as well as in the growing medical

electronics field, where it is recognized that electronic

_equipment interactions due to leakage currents can be mini-

mized if certain equipment (such as surgeons' saws, etc.)
have their own battery power source. Consumer products,
such as golf carts, toothbrushes, portable power saws and
drills, could also provide a large market for rapid-charged
sealed batteries.

At present, devices that make use of sealed nickel-cadmium
batteries are normally charged at the 0.1 C or 16-hour rate.
By means of a recently patented rapid charge system, such
batteries are claimed to be charged in about 20 minutes [11,
12, 13]. This rapid charge system charges initially at the
5 C rate until the voltage of the battery reaches 1.50 volts

per cell (at room temperature, 23°C) at which time the battery
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is switched from the charger to a low-resistance load and
discharged for a timed 3 seconds at the 20 C rate. This
apparently depolafizes the electrodes and electrol&te and
removes gases formed during charging, thereby allowing
charging at a faster rate than otherwise would be possible.
The battery is then again charged until the voltage reaches
1.5 volts per cell. The process of discharging and charging
continues, each cycle becoming shorter in time interval until
about 20 minutes after initiating battery charging, the
battery is essentially charged to full capacity.
Unfortunately, the difficulty with the use of voltage
sensing for charging control is that the voltage of a sealed
nickel-cadmium cell tends to change with repetitive cycling
and usually varies with temperature and charge rate. To
account for the effect of different ambient temperatures on
the battery voltage, an ambient temperature Sensor is used
to prevent possible damage when in overcharge. The sensor
automatically compensates the decision voltage at which
the battery is switched from charge to discharge. For
example, it is claimed that the decision voltage for an
ambient temperature of 0°C should be 1.54 volts per cell
while for an ambient temperature of 40°C, 1.47 volts is

a typical decision voltage.
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In general, field experience has indicated that while
most rapid-charge systems are effective in charging most
nickel-cadmium batteries, catastrophic failures do occur.
These failures usually occur through pressure buildups
in continued rapid-charge when one or more cells in a
battery are completely charged. Unfortunately, it
appears that there is a large variation of electrical
characteristics among cells of the same type produced by
even the same manufacturer. These electrical variations
may be due in part to variations in purity of materials,
presence of contaminants, and different amounts of electrode
materiais. Until quality control is improved, failures from
this cause will continue.

Many cells of the button type, such as are used in law

- enforcement communications equipment, are imported by several

well-known battery companies in the United States. While
several manufacturers protect their cylindical éells from
rupture by a pressure relief vent, the buttbn cells have no
such provision. As button cells are hermetically sealed in
steel cases, internal pressures can become very high before
failure. It is recommended that button-cells be not sub-
stantially overcharged, even at the relatively '"safe" O.l‘C

charge rate.
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3.3.8. Diode Protection

One protection for batteries constructed from button
cells is to place a zener diode of appropriate current
handling capability across each cell. The zener diode should
have a voltage breakdown below the charged cell voltage
normally associated with excessive cell gassing. A germanium
diode, capabie of handling reasonable charging currents, is
also connected across the cell but with opposite polarity to
that of the battery. This greatly reduces reverse charging
current through a discharged cell when the battery is forced
into deep discharge. However, use of such semiconductors to
provide cell protection may also substantially increase the
rate of self discharge of the battery.

One manufacturer of equipment that uses nickel-cadmium
batteries recharges batteries at a 3-hour rate. However, to
prevent the battery from being overcharged, both temperature
and voltage sensing is employed. An appropriate signal from
either one shuts off the charging current and, reportedly,

greatly reduces incidents of failure.

4. GENERAL COMMENTS AND CAUTIONS
This section will discuss certain topics of particular

interest to users of portable communications equipment.
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. communications equipment.

Figure 5 illustrates an internal arrangement of
nickel-cadmium cells for a battery used in law-enforcement
Twelve button cells are spot-
welded or strapped together in series with negative and
positive plate-type terminals located at the right side
of the battery.

Figure 6 is an exploded view of a button cell. From
left to xight is shown the cell cup (positive pole), posi-
tive plate, negative and positive plate paired together,
negative plate, contact spring and cell cover (negative
pole). The two positive (or negative) plates are electrically
interconnected but insulated from the two negative (or posi-
tive) plates by a thin separator. The cell cup rim is
crimped over the cell cover rim while a plastic washer

between them insulates the two poles from each other., The

crimp is shown in the assembled cell,.

4,1. Determining Loss of Capacity in Battery Packs

A typical battery pack used in portable communications
equipment may consist of 12 sealed nickel-cadmium cells
connected in series to provide a nominal 14.4 volts (1.2 volts
per“cell) with a 500 mAh capacity. When the béttery is dis-
charged to 12 volts (1.0 volt per cell), essentially all of

the stored capacity has been used.
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One problem, known to all users of such battery packs,
is how to determine when one or more cells have failed.
A cell may fail by internal shorting, such as may occur

through interplate insulation breakdown. Such a failure

1
;
K
1
s

means that the contribution of that cell to increasing the

voltage of the battery is lost, although 1little hinderance

to current flow is usually found. It also means that for
; the battery under discussion, only about 11/12 or 92% of the

original battery power capability is available. If two cells

' fail through shorting, then 10/12 or 83% of the original

Figure 5. Internal arrangement of nickel-cadmium cells for battery power capability remains.
a battery used in law-enforcement communicatlons

equipment.

Another problem is that individual cell current capacity

may decrease due to venting and resulting loss of electrolyte. :

This type of performance degradation would not necessarily
affect the charged cell voltage. Hence, a voltage check of
the battery immediately after charging would not necessarily | F
reveal its usefulness as an energy source. Occasionally, a
cell fails through internal open circuit, whereupon the
battery is obviously dead and no voltage or current is
available from it.

The problem therefore is mainly one of measuring battery

capacity to ascertain if a given battery is useful for

T T T

communications service. One manufacturer of portable

communications equipment recommends that such batteries be

Figure 6. Exploded view of a button cell.
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replaced if they fail to deliver 80% or more of their
original rated capacity. Below about 80%;\bat%eries are
usually found to deteriorate quickly.

The method often recommended by mahufacturers to
determine battery capacity is one of timed-dump. As an
example, the 14.4 volt battery will be used in the following
calculations. Initially, the battery is fully charged and
then discharged several times to about 9 to 12 volts to
eliminate any "memory'" effects. (Special care should be
taken not to reverse one or more cell polarities when dis-
charging to 9 volts.) Then after the battery is again
charged, a resistance of appropriate power capacity is
selected to simulate current drain used by the communications
equipment in the transmit mode of operation. For the example
chosen, the current drain is about 390 milliamperes at 14.4
volts and the 37 ohm resistor should be rated for ten watts

(or higher).

Rb = Z = = = 37 ohms. (4.1)

The value 14.4 volts is used as an average because the battery
voltage decreases slowly and linearly from about 15.4 volts

to about 13.4 volts for most of the effective battéry

capacity and then decreases rapidly to 12 volts. Therefore,
the average current is directly related to the average

voltage.
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The time interval for battery discharge to 12 volts

should be recorded and multiplied by the average current

to determine the measured battery capacity, C_. For

m
the example, say the time interval was one hour.

C

IT = (390)(1) = 390 mAh, (4.2)

but the battery was rated nominally at 500 mAh, so the
measured capacity (Cm) was determined to be 78% of

nominal capacity CCn).

(@]

c(%) = 100 - = (100) 320 = 744 (4.3)

Cn 500

For the example and guideline given, if a battery of this
type discharged to 12 volts in less than an hour, it would

be discarded. Unfortunately this method, although convenient
to apply, does not really test the battery under the varying

load-time conditions that these batteries experience in use.

4.2. Determining Actual Capacity Required of Battery Packs

One way of determining battery capacity requirements
is to measure the battery drain of the communications equip-
ment under conditions of standby, receive, and transmit. The
Electronic Industries Association (EIA) standards for portable
land mobile communications equipment (RS-316) state in EIA
section 2.3.1. that the standard duty cycle for equipment

containing a transmitter and receiver is defined as 6 seconds
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(10%) receive at rated audio power output, 6,seconds (10%)
transmit at rated RF power output, and 48 seconds (80%) standby
[14]. It also prd&ides that the standérd duty-cycle shall
be performed 8 hours each day followed by 16 hours rest. The
minimum battery life standard (EIA section 3.1.2.) for any
given battery complement shall exceed 1 day.

The communications equipment usually used with the
battery chosen as an example, normally has the following

current drains in the coded squelch configuration:

Standby -- 10 mA
Receive ~-- 62 mA
Transmit -- 325 mA

Using this data and the 10% transmit, 10% receive, and 80%
standby, standard duty cycle with the minimum battery life
standard of 8 hours, the minimum battery capacity requirement

can be determined.

C, = 8(0.1X + 0.1K + 0,85) (4.4)

where Cr is the minimum required battery capacity in mAh,

‘X is the transmit mode battery drain in mA, §

R is the receive mode battery drain in mA, and

S is the standby mode battery drain in mA. i
Calculation yields for the example, 374 mAh, as the

minimum battery capacity requirement. From Eq. 4.3., this

corresponds to 75% of the rated battery capacity of 500 mAh.
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The conclusion can be drawn that as the minimum battery
capacity requirements for the equipment is less than the
usual guideline for replacing a battery (when the battery

fails to deliver 80% of rated capacity), then the guideline

is reasonable,

4.3, Battery Capacity as Determined from

Constant Load and Switching Load Tests

The American National Standards Institute (ANSI)
specifications for batteries give guidelines for capacity
tests [15]. In general, the test that best represents any
particular service is that which most nearly duplicates the
power output of the battery when in actual use. Intermittent
tests are preferred to continuous tests and should be used
whenever possible because they usually simulate service
conditions more closely.

A question then arises, ''Should the infermittent tests
recommended by ANSI and EIA be strictly adhered to when
making battery capacity tests, or is the simple continuous
load test recommended by many equipment and battery manu-
facturers satisfactory?'" The constant load test is described
and illustrated by example in section 4.1 while the intermit-
tent or switching load test is similarly described in section
4.2, Comparisons between the intermittent and continuous
load tests were made using six 14.4 volt, 500 mAh sealed
nickel-cadmium batteries. The‘results are shown in table II.
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TABLE II g - SRR Vi B R
‘ ’ A The. batteries li%ted‘in fable*IIﬁwére each charged under
COMPARISON OF TWO BATTERY CAPACITY TESTS FOR DISCHARGE i ‘ 3

: constant current cond;t:ons at the 0, @’ C charge rate for
TO 1.0 VOLT PER CELL : PRI

30 hours or more befa;«\eafh test.4 The batter1es were then

i removed from,%he chdrgikand allaweq to rest for one to
BATTERY CONSTANT LOAD TEST SWITCHING LOAD TEST i o ,

DESIGNATION MINUTES HOURS + MINUTES two hours aefore ng tes 96~“f_pr u,m.“f

% A 64 12 + 11 : From tobLe II f'ﬂgpv 1ﬂnt thab for the constant

79 10 + 21 ; load tesrs, ﬂesults ar Aé;gand CLQw _to 60‘minutes,

64 9 + 37 i except for batterles B an;;« ThlS sugges) that there

+

68 8 + 36 : the switching load tests, which simulate conditions under

B
C
D 76 9 + 2 ﬁ is very 1%tz+& dlffergggﬁ}beﬁween the batteries. Rowever,
E
F 60 8 + 35 j use, indicates there is §onsiderable difference between
batteries. '?attery A sh&ws nearinSO%”more capacity than
several oth er bdtterlec (E and " F) by the switching load
test, yet the results ob;annégrf;bm the constant load
test do not\corxelate at ali.  The alelty for a battery
to recover 1tse1f bntwcén heavy current dralns (transmlt
mode) cannot be made apparent through a constant load test.
The batterles tested in each case have more capacity
: than the EIA mlnlmum Ilfe standard of 8 hours Additional
tests should be made on "batteries thaf have had con51derab1e
field use (rather'thgn the-new ones tested for this report.)
Two‘batteries wéié“acquired,of the type tested above, that
had been rejéttédéfrom field use b§Cause‘”they would not
hold a charge tﬁrough‘tﬁﬁ working;shiftQ” Laboraéory

.
~
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testing indicated that although they would éccept charging
current normally,’and apparently charge to a normal voltage,
within several hours of removal from the charger, their
voltage decreased rapidly under no load conditions and was
considerably below 12 volts. Apparently most of the cells
had high internal leakage. Information should be obtained
oﬁ the relative merits between the two test methods for
batteries that have degraded performance. For example, a

battery with significant internal leakage may appear fair

~during a one hour test and prove poor in the longer tests

recommended by ANSI and EIA.

4.4, Internal Load Resistance Effects on Battery Performance

The internal resistance of nickel-cadmium cells is
usually very low. Howevef, for the battery under discussion,
which consists of 12 cells connected in series, the total‘
internal resistance may be significant under certain condi-
tions. It was found that the internal resistance was
remarkably low and constant until the battery was almost
discharged, at which time the internal resistance became
significantly large. For example, battery F, which seemed
typical of the batteries tested, had an internal resistance
of 1.4 ohms when fully charged, 3,3 ohms after 8 hours of
the switching load test, and 22.8 ohms at the conclusion of

the test (after 35 minutes of the second day). At the
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conclusion of the test, it was calculated that under transmit
conditions, where a load of 44 ths was connected across the
battery, about 1/2 of the battery power was being wasted

as internal heat in the battery.

Additional tests indicated that, in general, these
batteries have fair recovery capabilities near a dischérged
state, providing that additional heavy current demands are
not made of them. For example, battery D was discharged to
the 12 volt cutoff point during the switching load test.

The test was then continued under a 10% receive (62 mA
drain), 90% standby (10 mA drain) cycle. It took 1 hour,

56 minutes before the battery voltage had again decreased

to 12 volts. In practice, this would indicate that although
the user could not transmit, he could still use the receivér
for about two hours using a coded squelch configuration. It
would seem appropriate to specify in such communications
equipment, a transmit mode cutoff switch set to operate at
the 12 volt point to prevent battery damage through deep
digcharge, and also to assure a continuing receiving

capability.
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5. GOOD PRACTICES AND RECOMMENDATIONS WITH SEALED

NICKEL~-CADMIUM BATTERIES

Do
Do recall that the method of rating battery capacity
differs among manufacturers and that usable battery
capacity is decreased at the higher discharge rates.
Do remember that a temporary reduction in available
capacity occurs below about - 5°C and that batteries
should not be discharged below about - 20° C or above
+ 40°C.
Do remember that with care, battery life may approach
1000 charge-discharge cycles.
Do recall that good practice suggests a ten percent
greater battery capacity than expected load requirements
to discourage deep battery discharge.
Do remember that self-discharge does not adversely affect
battery life.
Do remember that very high current values are possible
during shorting conditions due to the extremely low
internal resistance.
Do remember that battery life may be extended to as
much as 5000 cycles if discharge depth does not exceed

25% of rated capacity.
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Do remember that cells sometimes fail in a dead shorted
condition, although more generally the failure

is an apparent high internal leakage (i.e’., a partial
short) which prevents a battery from holding charge

for more than a few hours.

Do Not
Do not discharge batteries below 1.0 volts per cell.
Do not charge batteries at temperatures below +5°C or
above + 40°C.
Do not charge batteries with a constant-current source
at a rate greater than 0.1 C without special precautions
to limit overcharge.
Do not create conditions where individual cells in a
battery may be reverse charged such as through deep
discharge of the battery. To do so is a sure way to
drastically decrease the life of a battery.
Do not overcharge button-cells as they are particularly
sensitive to overcharging and are dangerous in that there
is no provision for safety venting in the steel housing.
Do not attempt to charge batteries in parallel with a
charger designed for one battery. | -
Do not be concerned about long idle period§ in either
the charged or ﬁncharged states.
Do not exceed the 1 C discharge rate if battery life
is not to be reduced.
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