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General Electric
introduces the GEMAX™
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through high capacity
and voltage capability
for matching the
demanding applications
of tomorrow.
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a 40% decrease in internal resistance. Ideally
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and runtime performance in all cordless
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CHAPTER 1
T - W TR,
Imtroduction

e Soes N

This Nickel-Cadmium Battery Application Handbook has
been prepared for managers, engineers, designers, and oth-
ers interested in rechargeable nickel-cadmium batteries. Its
objective is to help the reader understand the operation and
application of nickel-cadmium batteries. The Handbook is
also designed to acquaint the reader with the versatility
and features of nickel-cadmium batteries that might allow
their use in previously overlooked ways. Material in the
Handbook is based on information and data gathered for
more than a quarter of a century by General Electric sci-
entists, engineers, and technicians.

The Handbook is designed for easy use by the novice as
well as by the experienced reader. The novice should read
Chapter 2 and, perhaps, Chapter 6 on battery applications
before reading Chapters 3, 4, and 5. The experienced reader
will probably be able to skim or skip Chapter 2. The glos-
sary at the end of the Handbook will define many terms
used that may cause difficulty.

The Handbook covers nickel-cadmium rechargeable bat-
teries of sealed wound cells. Vented and aerospace cells are
described briefly in Chapter 2.

Chapter 2 is a general description of nickel-cadmium bat-
teries, including internal chemistry. Primary and second-
ary systems are compared and the construction and theory
of operation of sealed cells are described. Chapter 3 covers
various schemes for charging the batteries, including charg-
ing efficiency, continuous and fast charging, and overcharg-
ing. Chapter 4 discusses discharge performance, applica-
tion, and design-related factors affecting battery operation.
Chapter 5 covers life expectancy and proper storage of nickel-
cadmium batteries. Chapter 6, the application chapter, sup-
plements the information presented in the previous chap-
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Imtroduction

ters with information on specific uses. The last chapter is
devoted to safety. Readers can use the index to locate infor-
mation on a specific subject or point of interest. ’

The appendix includes information on quality control,
standards, trouble shooting, product descriptions and spec-
ifications. A mail-in registration is provided.

Although this Handbook is quite comprehensive, it will
not answer all questions for all readers. You are invited to
request further information or application assistance by
contacting the address below:

General Electric Company
Battery Business Department
Post Office Box 861
Gainesville, Florida 32602-0861
US.A.

Telephone 904-462-3911
Telex 810-836-8500
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Chapter 2
General Descr gl o on
Nickel-Ca ggfza . Cells

and Ratteries
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Section

2.1 GENERAL OVERVIEW

2.2 PRIMARY VS. SECONDARY BATTERIES
23 BATTERIES VS. CELLS

24 CELL COMPONENTS

25 NICKEL-CADMIUM CELL CHEMISTRY
2.6 SEALED NICKEL-CADMIUM CELLS

2.7 VENTED NICKEL-CADMIUM CELLS

2.8 AEROSPACE CELLS

29 SUMMARY

2.1 GENERAL OVERVIEW

Batteries are electrochemical devices used to supply elec-
trical energy. Chemical energy stored in a battery is con-
verted into electric energy directly by chemical reactions
when the battery is discharged. The electric energy made
available is a function of the electrical potential of the active
material, the efficiency of the electrochemical reactions, and
the amount of dischargeable active material in a battery.
Many combinations of electrochemical couples have been
tried as energy storage systems with varying degrees of
success. Each type of battery has physical and electrical
advantages and disadvantages. This application Handbook
focuses on the nickel-cadmium electrochemical couple,
describing its strengths and potential limitations.
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General Description
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Batteries can be classified as primary or secondary. Pri-
mary batteries can be used only once because the active
chemicals transformed during the discharge reaction can-
not be returned to the original state. Secondary batteries,
sometimes called storage batteries or accumulators, can
be used repeatedly because the chemical reaction can be
readily reversed by recharging the battery.

Primary batteries are widely used in products where
recharging may not be practical. The most common pri-
mary batteries are the carbon-zinc dry cell and the alkaline
cell. These and other primary batteries are sometimes suit-
able for certain low-current applications, but are often less
economical than a rechargeable battery. The secondary bat-
tery, due to the reversibility of its chemical reaction, can be
used repeatedly with a simple recharge following each dis-
charge. The two most popular rechargeable, or secondary,
batteries are the nickel-cadmium battery and the common
lead-acid battery.

The term battery is generally used to describe a single unit
comprised of one or more cells. Cells are the basic building
blocks of a battery. A battery can be a single cell provided
with terminations and insulation and considered ready for
use. More frequently, a battery is an assembly of several
cells connected in series and with electrical output termi-
nals (Figure 2-1). These batteries are sometimes referred to
as multicell batteries. General Electric’s nickel-cadmium
cells can be connected in series to provide a battery with
voltage rated in multiples of 1.2 volts, their nominal rating.

The cell, the basic unit of the battery, has four main
components:

1. The negative electrode (the anode during discharge reac-
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General Description
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BARE CELL SINGLE CELL BATTERY
1.2 VOLTS 1.2 VOLTS

FIVE CELL BATTERY
6.0 VOLTS

Figure 2-1 Cells vs. Batteries

tions) supplies electrons to the external circuit when oxi-
dized during discharge.

2. The positive electrode (the cathode during discharge reac-
tions) accepts the electrons from the external circuit when
reduced during discharge.

3. The electrolyte completes the circuit internally by fur-
nishing the ions for conductance between the positive
and negative electrodes.

4. A separator to hold the electrolyte in place and electri-
cally isolate the positive and negative electrodes.

These components are then housed in a cell jar or can.

The nickel-cadmium cell has a unique set of desirable phys-
ical and electrochemical characteristics which has allowed
it to become the established battery system for many appli-
cations. The nickel-cadmium cell is an electrochemical sys-
tem in which the active materials contained in the electrodes
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General Description

change in oxidation state without any deterioration in phys-
ical state. These active materials are present as solids that
are highly insoluble in the alkaline electrolyte. Unlike many
other systems, the nickel-cadmium cell charge/discharge
reaction does not require the transfer of material from one
electrode to the other. The electrodes are long-lived, since
the active materials in them are not consumed during oper-
ation or storage.

In the nickel-cadmium cell, nickel oxyhydroxide, NiOOH,
is the active material in the charged positive plate. During
discharge it is reduced to the lower valence state, nickel
hydroxide, Ni(OH),, by accepting electrons from the exter-
nal circuit:

Discharge

ONiOOH + 2H,0 + 2e~ ONi(OH), + 20H "

—~

Charge
(0.490 volts)

Cadmium metal is the active material in the charged nega-
tive plate. During discharge it is oxidized to cadmium
hydroxide, Cd(OH),, and releases electrons to the external
circuit:

Discharge

Cd +20H" _——— —  Cd(OH), + 2¢
Charge

{-0.809 volts)
These reactions are reversed during charging of the cell.

The net overall reactions which occur in the potassium
hydroxide (KOH) electrolyte can be expressed as follows:

Discharge

Cd +2HO + 2NiOOH

2Ni(OH), + Cd(OH),
Charge

(1.299Volts)

Nickel-cadmium cells are manufactured in two basic types:

)
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General Description

sealed and vented. The sealed cell operates in a closed envi-
ronment, normally allowing no escape of gas, while the
vented cell permits gases to escape from the cell as part of
its normal operating behavior.
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Although General Electric sealed cylindrical cells have a
vent mechanism as a safety measure, they are still referred
to as sealed cells. Without the safety vent, misapplication

and abuse could cause an increase in internal pressure result- [0~

ing from rapid generation of gases within the cell and dam-
age the cell. The General Electric safety vent opens under
excessive pressures and safely releases the gas to the
atmosphere, then automatically recloses, allowing the cell
to continue operating.

2.6.1 Theory Of Sealed Cell Operation

General Electric sealed cells are designed to operate under
normal use conditions at an internal pressure well below
the safety vent pressure. In order to accomplish this, three
essential design criteria are adhered to:

1. The chargeable capacity of the negative electrode is suf-
ficiently greater than that of the positive electrode for
the positive electrode to achieve full charge before the
negative electrode.

2. The electrolyte is uniformly distributed by the separator
as a thin film across the surface of the two electrodes.

3. Oxygen gas is free to pass between the electrodes.

When a General Electric sealed cell is charged the positive
electrode will reach a full state of charge before the nega-
tive electrode. At this stage additional charge current causes
the positive electrode potential to rise to the point at which
all the current is used to oxidize hydroxyl ions and gener-
ate oxygen gas at the positive electrode:

G

vTi

NERAL €3 ELECTRIC 2-5



Overcharge
200H" ——— 1/20, + H,O + 2~

The oxygen diffuses rapidly to the negative electrode where
it is reduced back to hydroxyl ions:

Overcharge
1/20, + H,O + 2¢” ————> 20H"

The hydroxyl ions complete the circuit by moving back to
the positive electrode.

% Thus, in overcharge all of the current generates oxygen
~“ " which is subsequently recombined. The oxygen pressure
initially increases but then stabilizes at a low equilibrium
pressure determined by cell design, the ambient tempera-
ture, and the charge rate. Since in equilibrium all of the
generated oxygen is recombined at the negative electrode,
the negative electrode does not become fully charged and
no hydrogen gas is generated.

The efficient recombination of oxygen enables the Gen-
eral Electric sealed cell to be continuously overcharged at
the cell specification overcharge rate without developing
excessive internal pressure. It can thus be kept on over-
charge, maintaining the cell in a fully charged condition
for long periods.

Figure 2.2 shows the electrode design of a typical sealed
nickel-cadmium cell. When the cell is fully charged, the

CELL FULLY CELL DURING CELL FULLY

CHARGED OVERCHARGE DISCHARGED
UNCHARGED
NEGATIVE
MATERIAL

UNCHARGED

CHARGED POSITIVE POSITIVE
NEGATIVE FULLY l MATERIAL
MATERIAL CHARGED

RESIDUAL
CHARGE

R POSITIVE ’ POSITIVE

ELECTRODE \ ELECTRODE ELECTRODE
NEGATIVE NEGATIVE NEGATIVE
ELECTRODE ELECTRODE ELECTRODE

Figure 2-2 Graphic Representation of the Electrodes in a Sealed Nickel-
Cadmium Cell
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General Description

positive electrode active material has been converted to the
high valence form, NiOOH, but the negative electrode still
contains uncharged active material, Cd(OH),. In overcharge,
oxygen gas is evolved from the positive —not from the
negative —electrode. Each electrode in a fully discharged
cell contains a small amount of charged active material called
the residual charge. Overcharge is further discussed in Sec-
tion 3.4.

2.6.2 Sealed Cell Construction

General Electric cylindrical sealed cells use a nickel plated
steel can as the negative terminal and a metallic cell cover
as the positive terminal. The cell cover is an assembly that
includes the high pressure safety vent mechanisms shown
in Figure 2-3.

Each electrode, which is a continuous conductive strip
containing active material, is isolated from the other elec-
trode by the separator, a nonconducting, porous, fibrous,
polymeric material. The two electrodes separated by this
porous separator are wound together into a roll configura-
tion shown in Figure 2-4. A terminal from the positive elec-

POSITIVE COVER

f

IN
SEAL RING GASKET SPRING
COVER PLATE

METAL PLATE

i

——
METAL CAN ELASTOMER PLATE
U

Figure 2-3 Resealable Safety Vent Mechanism
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General Description

trode is connected to the cover, and the negative electrode
contacts the can. An insulating seal ring isolates the posi-
tive cover from the negative can and provides a gas-tight
seal for the container.

2.7 VENTED NICKEL-CADMIUM CELLS
Vented nickel-cadmium cells are designed to provide relia-
ble high-rate discharge service in applications such as jet
aircraft, diesel and turbine engine starting, and in applica-

COVER

RESEALABLE VENT
MECHANISM

INSULATING
SEAL RING

POSITIVE TAB WELDED
TO POSITIVE TERMINAL

CADMIUM
NEGATIVE
PLATE

/

NEGATIVE
TAB
NICKEL/

POSITIVE PLATE

NICKEL-PLATED

STEEL CASE SEPARATOR

Figure 2-4 Typical Cylindrical Sealed Cell Construction
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General Description

tions such as mobile X-ray and military equipment. These
cells provide outstanding performance where large peaks
of power, fast recharging, or many cycles are required with-
out excessive size and weight.

The vented cell differs from the sealed cell in operating
without recombining oxygen. Consequently, the cell vents
gases when overcharged.

The vented cell starts with an excess amount of electro-
lyte. Water is consumed as a result of overcharging, requiring
vented cells to be periodically inspected and replenished.
The cell must typically be mounted in an upright position.

Vented cell electrodes are constructed with flat positive
and negative plates, separated by non-conducting, ion-

TERMINAL, INTERNAL
THREAD STYLE

C VENT CAP (REMOVABLE)
= CELL COVER
TERMINAL, EXTERNAL
THREAD STYLE S >
BAFFLE | :
= il il TERMINAL COMB

NEGATIVE PLATE =——H I \ =~ PLATE TABS

_ i
SEPARATOR il niily

S TF ELECTROLYTE
ot
POSITIVE PLATE  ——t/ '|:|

PLATE PACK

CELL JAR . l

Figure 2-5 Vented Cell Construction
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General Description

permeable materials that act as a gas barrier and electrical
separator. The electrolyte completely covers the plates and
separator, and for this reason vented cells are sometimes
referred to as flooded cells. Figure 2-5 shows details of a
vented cell.

The plates are welded to terminal posts that are extended
through the cover and sealed. The terminal posts are of
sufficient size to carry the high current encountered in typi-
cal applications.

The cell container, typically made of polyamide, consists
of a cell jar and matching cover permanently joined during
assembly. The cell container supports the various compo-
nents of the cell. The vent is located in the cell cover and is
typically comprised of molded polyamide plastic, with an
elastomer sleeve, to provide a bunsen type of valve assem-
bly. The vent cap can be removed for electrolyte leveling
and acts as a valve to release gases at low internal pressure
during normal operation of the cell. Except when releasing
gas, the vent automatically closes the cell to prevent elec-
trolyte spillage and entry of foreign material.

2.8 AEROSPACE CELLS

General Electric manufactures sealed nickel-cadmium cells
for aerospace applications. As shown in Figure 2-6, these
cells are typically rectangular, containing flat plate electrodes.
Considerable research and development have gone into the
design of the electrodes and the manufacturing processes
for producing aerospace cells. They are designed to meet
the stringent requirements necessary for operation in space
vehicles. They must be lightweight, capable of many
charge/discharge cycles, and, above all, highly reliable and
free from defects that may affect the operating life of the
space vehicle.

General Electric also manufactures lightweight nickel-
hydrogen cells for space vehicles. These cells convert hydro-
gen gas in the discharge reaction to form water. During the
charging reaction hydrogen gas is formed. To contain the
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Figure 2-6 A Typical Nickel-Cadmium Aerospace Cell

hydrogen gas, a pressure vessel is employed to maintain a
high pressure near 1000 psig.

General Electric’s research on aerospace electrodes has
contributed to a highly reliable cell with a long life. Cell life
in excess of 10 years with many thousands of cycles is
achievable with General Electric aerospace cells. Much of
the knowledge gained from the extensive research on and
development of these high reliability cells has been applied
to the General Electric commercial sealed wound nickel-
cadmium batteries.

2.9 SUMMARY

General Electric nickel-cadmium cells are made in both
wound and flat electrode designs. The sealed cells for com-
mercial applications have electrodes that are cylindrically
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wound while the sealed cells for aerospace applications have
flat electrodes. The vented cells have stacked flat electrodes
in rectangular plastic cases and are sometimes referred to
as flooded cells. They are all available in a wide variety of
battery configurations.

General Electric also manufactures nickel-hydrogen aero-
space cells that are very lightweight.

The remainder of this Handbook will discuss only cylin-
drically wound sealed nickel-cadmium cells.
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CHAPTER 3

Section

3.1 INTRODUCTION
3.2 CHARGING EFFICIENCY

3.3 CELL PRESSURE, TEMPERATURE AND VOLTAGE
INTERRELATIONSHIPS

3.4 OVERCHARGE

3.5 CHARGING WITHOUT FEEDBACK CONTROL.:
CHARACTERISTICS AND METHODS

3.6 CHARGING POWER SOURCE

3.7 CHARGING WITH FEEDBACK CONTROL:
CHARACTERISTICS AND METHODS

3.8 SUMMARY

3.1 INTRODUCTION

Nickel-cadmium batteries are charged by applying a direct
current of proper polarity to the terminals of the battery.
The charging current can be pure direct current (dc) or it
may contain a significant ripple component such as half-
wave or full-wave rectified current.

Throughout this chapter on charging of sealed nickel-
cadmium cells and batteries, certain charging rate terms
will be used. These rates will be referred to and expressed
in multiples of the C rate. The C rate is defined as the rate
in amperes or milliamperes numerically equal to the capac-
ity rating of the cell, which is given in ampere-hours or
milliampere-hours. For example, for a cell with a 1.2 ampere-
hour capacity, the C rate is 1.2 amperes. This C rating con-
cept, and multiples or fractions thereof, facilitates the dis-
cussion of a broad range of cell sizes and cell types, since
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Charging

the charging reactions within the various cell sizes and types
are similar to each other at similar C rate charging cur-
rents. These C rate charging currents can also be catego-
rized into descriptive terms, such as Standard-Charge,
Quick-Charge, and Fast-Charge as shown in Table 3-1.

CHARGE RATE
METHOD OF . RECHARGE CHARGE
CHARGING MULTIPLES OF 1 FRACTION OF TIME* (HOURS) CONTROL
C-RATE ! C-RATE
STANDARD 0.05C ! C/20 36-48 NOT
0.1C , ci1o 16-20 REQUIRED
QUICK 0.2C : Ci5 79 NOT
0.25C i cla 57 REQUIRED
0.33C { c/3 4-5
FAST c ! c 1.2
2c ; 2C 0.6 REQUIRED
4C ! 4C 0.3
TRICKLE 0.02-0.1C ] C/50-C/10 Used for maintaining charge of a
: fully charged battery.

"RECHARGE TIME = STANDARD TIME TO FULLY CHARGE A COMPLETELY DISCHARGED
BATTERY AT 23°C

Table 3-1 Definition of Rates for Charging

3.2 CHARGING EFFICIENCY

[Via VNI

‘m

When a nickel-cadmium battery is being charged, not all of
the charging energy is used to convert the active material
to a useable (dischargeable) form. A small amount of the
charging current (energy) goes into converting active ma-
terial into a non-usable form, the generation of gas, or is
lost in parasitic side reactions. The term charge acceptance
is sometimes used to describe overall charging effectiveness
and refers to the amount of dischargeable capacity that can
be delivered as the result of a charging input.

The top curve of Figure 3-1 shows the dischargeable ca-
pacity (charge output) as a function of the charge input for
a sealed cell starting from a completely discharged state.
The ideal cell, with no charge acceptance losses, would
display a theoretical 100 percent efficient relationship, where
all the charge delivered to the cell is obtainable on discharge.
But nickel-cadmium cells typically accept and store deliv-
erable charge at different levels of efficiency depending upon
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Figure 3-1 Charge Acceptance of a Sealed Cell at 0.1C rate at 23°C

the state of charge of the cell, as shown by the bottom curve
of Figure 3-1. Four successive types of charging behavior—
Zones @, @, @ and @ in Figure 3-1—describe this perform-
ance. Each zone reflects a distinct set of chemical mecha-
nisms responsible for loss of charge input energy.

In Zone @ a significant portion of the charge input is used
to convert some of the active material mass into a non-usable
form, i.e. into charged material which is not readily acces-
sible when the cell is discharged at medium or high rates,




Charging

particularly in the first few cycles. In Zone @, the level of
incremental charge efficiency is only slightly less than 100
percent; small amounts of internal gassing and parasitic
side reactions prevent the charge from being 100 percent
efficient. The cell is approaching full charge in Zone @ with
a gradual shift from charging {oxidation) of positive active
material to only the generation of oxygen gas in Zone @
which will be defined as overcharge (overcharge is further
discussed in Section 3.4). The boundaries between Zones
@, @ and @ are indistinct and quite variable depending upon
cell temperature, cell construction, and charge rate. The
level of chargde acceptance for any given input in Zone @ is
also influenced by cell temperature and charge rate.

Both the incremental charge efficiency and the actual ca-
pacity of a cell charged at elevated temperatures are less
than that of a cell at room temperature. Even though the
charge input to a hot cell may exceed many times its rated
capacity, the cell is able to accept only a portion of the charge
that it would accept at room temperature.

It is characteristic of nickel-cadmium sealed cells that as
the cell approaches its maximum state of charge (Zone @),
an increasing portion of the charging current goes to gen-
erating oxygen gas inside the cell and less goes to raising
the cell’s state of charge. At higher cell temperatures, com-
pared to room temperature, the charging reaction causes
gas generation at lower states of charge. This results in a
reduction in actual capacity at elevated charge tempera-
tures even though the cell is in overcharge (Zone @). This
is illustrated in Figure 3-2, 3-3, and 3-4. The magnitude of
the effect of this phenomenon on dischargeable capacity is
discussed in Section 4.3.3.1.

Figure 3-3 shows the effects of cell temperature on incre-
mental efficiency and dischargeable capacity while main-
taining the charge at a fixed 0.1C rate. The charge accept-
ance under standard conditions (23°C) is used as a reference.
If the charging temperature is raised so that the cell tem-

smERal SR rigevnipe
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perature reaches 45°C or 60°C, the incremental charge ef-
ficiency is reduced and actual cell capacity is reduced. With
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Figure 3-2 Effect of Battery Temperature During Charging Upon
Available Capacity

1007 < / i
: : / ‘ 3 08C-25°C |
i 100% EFFIGIENGY LINE | : * 1 { ! ;j

STATE OF CHARGE
(% OF NOMINAL 25°C CAPACITY)

a H £

[ i I ,
0 2 4 6 8 10 12 14 16 18 20
CHARGING TIME IN HOURS - 0.1C CHARGE RATE

8 i 1 7 1 1

f. | 3 N

Figure 3-3 Charge Acceptance at Various Temperatures
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Figure 3-4 Charge Acceptance at Various Temperatures Under Ex-
tended Charge

a cell temperature of 45°C and a charge input of 200 per-
cent of standard capacity, the actual capacity will be no
more than 70 percent of standard capacity. Similarily, with
a cell temperature of 60°C and a charge input of 200 per-
cent of standard capacity, the actual capacity will be no
more than 45 percent of standard capacity. However, a cell
charged at 0°C to 25°C accepts charge effectively and would
yield 100 percent of standard capacity with a charge input
of 160 percent of its standard capacity.

The effect of these same temperatures for extended charg-
ing times at a constant 0.1C charge rate is shown in Figure
3-4 which continues the charge input time scale of Figure
3-3 to 100 hours. The cell charged at 23°C, being charged
to 100 percent of standard capacity within 20 hours, does
not increase its state of charge by charging beyond 20 hours.
However, at 45°C the cell charged to only about 70 percent
of standard capacity in about 20 hours will gain capacity by
additional charging. Similarly, the cell charged at 60°C will
increase its dischargeable capacity with increased charge
input. The input requirements for reaching overcharge for
a cell at 60°C may be as much as one thousand percent of
standard capacity. As the active materials in a cell are con-
verted to the charged state, the dischargeable capacity ulti-
mately reaches the limit defined by the actual cell capacity
of curve @ in Figure 3-2.
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Figure 3-5 shows the effect of charge rate on dischargeable
capacity for various charge inputs. Charge rates much be-
low .05C do not enable the cell to reach full capability. Charge
efficiency is enhanced by charge rates higher than 0.1C,
for cells specified as capable of charging at higher than
Standard-Charge rate. For example a Fast-Charge cell
charged at the 1C charge rate approaches standard capa-
city at an input of about 120 percent. However, as discussed
in Section 3.7, the Fast-Charge cell cannot sustain this high
rate in overcharge.

100 100% 7
EFFICIENCY 2
LINE

s,

e e
1C RATE ; 0.1C RATE

|
1
|

50

DISCHARGEABLE CAPACITY
(% OF STANDARD CAPACITY)

[¢] 50 100 150 200
CHARGE INPUT (% OF STANDARD CAPACITY)

Figure 3-5 Charge Acceptance at Various Charge Rates

3.2.3 Effect of Cell Construction

The cell design and construction can have an effect on
charge efficiency at elevated temperatures. The chemical
composition of the electrodes and the electrolyte can be mod-
ified to improve the high temperature charge characteris-
tics of cells having a cell specification for high temperature
use. This is not done to all cells as it can also negatively
impact low temperature cell capacity and fast charge capa-
bility, and raise internal resistance. The cell specification
data shows actual cell capacity as a function of charge tem-
perature for each cell type.
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The interrelationship of cell pressure, temperature, and volt-
age during charge and overcharge is one of fundamental
importance, particularly at the faster charge rates. Figure
3-6 represents on one graph the relationship between charge
input and the temperature, pressure, and voltage of a typi-
cal cell, using a fixed charge rate of 0.1C in a 23°C ambient.

All nickel-cadmium sealed cells can be charged continu-
ously at their cell specification overcharge rate by a simple
constant current charger, without consuming or releasing
any of the materials in the cell. The cells are designed so
that at the cell specification overcharge rate, the net electro-
chemical reaction occurring at one electrode is exactly oppo-
site to that occurring at the other electrode, as was discussed
in Section 2.6.1.

The cell pressure stays very low during most of the charge
and starts to rise as the cell approaches full charge. The
cell pressure is the result of oxygen being generated and
remains quite low until the positive plate (electrode) begins
to reach its highest state of oxidation. As the positive elec-

2.0 80— 40: o e EER R ReLL L R T L S T ey
/-',

Py
#y

15~ 60 <

. VOLTAGE ‘ :
B0 L e e s s s s
| i P
; | TEMPERATURE-" #,#

40 =

i

0.5 -

CELL VOLTAGE (VOLTS)
5
INTERNAL PRESSURE (PSIG)
CELL TEMPERATURE (°C)

| ‘ |
R e P i

i i | |

0 ) 50 T 150
CHARGE INPUT (% OF CAPACITY)

Figure 3-6 Characteristics of Voltage, Pressure and Temperature vs.
Charge Input of a Typical Sealed Cell at 0.1C Charge Rate
in 23°C Ambient




Charging

trode approaches full charge, more and more of the charge
energy goes into generating oxygen gas until the point is
reached when most or all of the charge energy is devoted to
the generation of oxygen. The pressure reaches an equili-
brium and ceases to rise. This is the stabilized overcharge
condition where the rate of oxygen generation at the posi-
tive and the rate of recombination at the negative electrode
are in balance.

The cell temperature during the major portion of the
charge time increases only slightly. As the cell approaches
full charge, oxygen generation increases at the positive elec-
trode, the pressure increases, recombination of oxygen in-
creases at the negative electrode, heat is generated, and
the cell temperature rises. Eventually the cell reaches a
stabilized pressure and temperature which are dependent
on the heat transfer characteristics of the cell, the battery
configuration, its container, the ambient temperature, and
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Figure 3-7 Characteristics of Voltage, Pressure and Temperature vs.
Charge Input of a Typical Sealed Cell at 1C Charge Rate
in 23°C Ambient
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Charging

the charge rate. The cell voltage also remains rather con-
stant throughout most of the charging and rises slightly as
the cell approaches full charge, dropping again in overcharge.

The effect of charge rate on the three parameters of cell
pressure, cell temperature, and cell voltage is demonstrated
dramatically by comparing Figures 3-6 and 3-7. Figure 3-6
shows the profiles of the same parameters for a 0.1C charge
rate as Figure 3-7 shows for a 1C charge rate (ten times
faster). An analysis of the relationship between cell pres-
sure, cell temperature, and cell voltage will establish some of
the fundamental considerations in making nickel-cadmium
cell and charger application decisions.

2 A ORI A =
| 3.4 OVERCHARGE

Overcharge is the normal continued application of charg-
ing current to a battery after the battery has reached its
maximum state of charge. As discussed earlier, charging
cells that are already fully charged causes a rise in oxygen
pressure within the cells. The magnitude of the pressure
increase depends primarily on the overcharge rate. Along
with this rise of pressure comes a corresponding increase
in cell temperature. Pressure, temperature, and voltage reach
an equilibrium in overcharge. Cells are designed to reliably
handle continuous overcharge at their cell specification rate.
Hence overcharge is not to be considered an adverse condi-
tion. Overcharge is simply a term commonly used to de-
scribe the normal continuation of charge after the cell is
fully charged.

Standard-Charge cells may be overcharged at rates up to
0.1C. Quick-Charge cells which are designed to withstand
higher overcharge rates for an extended time are normally
charged at rates up to 0.3C. Fast-Charge cells, those that
are normally charged at IC to 4C rate, require special charger
systems that automatically terminate the high rate. Over-
charge at rates above the cell specification rate can result
in excessive temperatures and venting, and is therefore abu-
sive to sealed nickel-cadmium cells.
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Charging

The electrode design of Fast-Charge and Quick-Charge
cells facilitates rapid recombination of oxygen at the nega-
tive electrode which decreases the amount of oxygen pres-
sure in the cell at any given rate. However, fast-charge rates
still generate oxygen too rapidly to continue into overcharge
without venting. Therefore, the charge rate must be re-
duced when the cell approaches full charge.

afel Curves

When a sealed nickel-cadmium cell is in overcharge within
the cell specification rate, the internal pressure, tempera-
ture, and voltage of the cell eventually reach a state of equi-
librium. At this condition of equilibrium, the typical voltage/
current/temperature relationship is quite predictable from |

cell to cell. The characteristic of cell voltage vs. overcharge |
current, called the Tafel Curve, is a function of cell temper- |-

ature as shown in Figure 3-8. Some of the charger circuits
described later in this Chapter use this characteristic as
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Figure 3-8 Tafel Curves for Typical Sealed Nickel-Cadmium Cells
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one factor in determining temperature compensation of their
voltage sensing circuit.

3.4.2 Battery Overcharge Temperature

After a sealed nickel-cadmium battery has reached over-
charge, all electrical input energy is converted to heat en-
ergy. As with any other body which depends upon thermal
conduction, convection, and radiation to transfer internally
generated heat to the ambient, the temperature of a sealed
nickel-cadmium battery in overcharge will rise above the
ambient temperature by an increment related to power input.
This temperature rise is sufficient to transfer the generated
heat to the ambient and to establish and maintain thermal
equilibrium. The temperature of a sealed nickel-cadmium
battery is a major factor in determining battery life, as
discussed in Chapter 5. Therefore, it is desirable to mini-
mize battery temperature when the battery is overcharged
for extended periods of time, and it is important to consider
the factors which determine battery overcharge temperature.

The temperature of the nickel-cadmium battery in over-
charge is influenced by:

¢ Ambient temperature
® Overcharge current magnitude
® The heat transfer coefficient of the battery

These factors are discussed below as they relate to battery
overcharge temperature.

An ideal provision for minimizing battery overcharge tem-
perature would utilize thermally conductive epoxy bonding
of each cell to a heat sink that is maintained at a moderate
temperature. This approach is seldom acceptable from the
standpoint of both cost and space. Consequently, transfer
of overcharge heat from a battery most often depends upon
convection and radiation.

For these modes of heat transfer, the ambient tempera-

ture is typically considered to be the temperature of the air
and objects surrounding the battery. In some applications,
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the ambient temperature may be the temperature inside
equipment in which the battery is mounted. The air inside
such equipment and the walls of the equipment will be
heated by the battery and possibly by other sources of heat.
This may cause the battery to experience an ambient tem-
perature significantly greater than that of the room where
the equipment is located. In order to estimate battery over-
charge temperature, the immediate battery ambient tem-
perature is the base temperature to which the overcharge
heat generation induced temperature rise must be added.

For the convection component of heat transfer, the
relationship between battery temperature rise and over-
charge heat power generation is expected to be linear.
Though usually considered nonlinear for radiation heat trans-

fer, this relationship is, in reality, surprisingly linear over | _
the relatively small range of battery temperature rise thatis |-
encountered. Consequently, for the combination of convec- |

tion and radiation heat transfer, the overcharge temperature
rise (AT) of a sealed nickel-cadmium battery can be con-
sidered proportional to the heat power that must be dissi-
pated. This relationship is expressed below:

AT (°C) = Ry X P

Where: R = Thermal resistance, battery to ambient
(°C/watt)

P = Overcharge power input (watts)

The overcharge power input is the product of battery over-
charge voltage and overcharge current (P = E,. X I.). The
overcharge voltage of the battery, within cell specification
overcharge limits, is typically 1.45 volts per cell. The over-
charge power input to a battery can be expressed by:

P (watts) = E, X I, = n X 1.45 X I
Where: E,. = battery overcharge voltage
I, = overcharge current (amps)

n = number of cells in battery
1.45 = typical cell overcharge voltage (volts)
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Figure 3-9 Sealed Nickel-Cadmium Battery Temperature Rise in Over-
charge (Thermal Resistance as a Function of Package Sur-
face Area)

The thermal resistance (R+) associated with composite con-
vection and radiation heat transfer to the surrounding ambi-
ent, from a battery enclosed by a rectangular case, can be
obtained from Figure 3-9. The total surface area of the bat-
tery case is calculated in square centimeters or square inches
and the corresponding value of R is then read from Figure
3-9. The value of R from this curve will be reasonably
accurate for typical battery case wall materials such as met-
als and solid plastics of practical thickness. The thermal
resistance from the inner surface to the outer surface of a
typical (nonfoamed) plastic case wall is relatively small.
The two major elements of thermal resistance encountered
in dissipating battery generated heat are the thermal resis-
tances from the cells to the case and from the case to
the ambient.

Once the values for the overcharge power input and ther-
mal resistance are obtained, the battery overcharge tem-
perature rise can be calculated using the equation:

AT(°C) = Ry X P

This temperature rise is added to the battery ambient
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temperature to obtain the calculated temperature at which
the battery will operate in overcharge. This heat transfer
model will typically fail to account for some characteristics
peculiar to an application. Therefore, the calculated battery
temperature for an encased battery should be considered a
preliminary value and an actual temperature measurement
should be made on a system prototype.

Several techniques, e.g. maximization of the battery sur-
face area and elimination of the battery case, can be used to
minimize overcharge temperature rise. Without the con-
straints of a case, maximization of effective surface area
could be attained by having each cell physically separated
from the others. Air would flow freely over all cells and
heat would be radiated from the total surface of each cell. If
a battery must be encased, and if the cells must be contigu-
ous and they have a length-to-diameter ratio greater than
one, the minimum overcharge temperature will occur with
the cells connected end to end. At the other extreme, the
greatest temperature rise will result when closely packed
cells are foamed into a case approximating a cube. The foam
impedes heat transfer from the cells to the case and the
cubic battery shape results in a minimum surface area for
transferring heat from the case to the ambient. A feasible
design for a given application will probably lie somewhere
between the extremes cited above. Nevertheless, design ef-
forts which do succeed in minimizing the overcharge tem-
perature of a required battery configuration will be rewarded
by increased battery life.

Several general observations regarding battery overcharge
temperature rise should be kept in mind when designing a
battery into an application. The following points, which
reflect those observations, indicate sensitivity to various
parameters. Each of these effects is implicitly accounted
for in the previous equation.

¢ The battery overcharge temperature rise is essentially
proportional to overcharge current (AT = R ¥ E_ > 1_).
Battery temperature remains near ambient tempera-
ture, relatively independent of charge rate, until the
battery approaches full charge. The battery tempera-
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ture then transitions to the overcharge value where,
for example, the temperature rise of a Quick-Charge
battery overcharged at the 0.3C rate is three times the
temperature rise of the same battery overcharged at
the standard 0.1C rate, as shown in Figure 3-10.

The number of contiguous cells in a battery has an
effect on battery overcharge temperature rise. For ex-
ample, a battery consisting of ten contiguous cells, of a
given size and overcharged at the 0.1C rate, will have a
greater temperature rise than a battery of five cells of
the same size and in the same configuration which are
overcharged at the same rate. This occurs because the
input power in overcharge is proportional to the num-
ber of cells in the battery, but the surface area of the
battery increases at a rate which is less than propor-
tional to the number of cells. In summary, the battery
with the larger number of cells has a greater overcharge
input power per unit of battery surface area; conse-
quently, it will have a greater temperature rise.

If the same relative charge rate, such as 0.1C, is
maintained for all cell types, an increase in cell capac-
ity will bring about a proportionate increase in over-
charge heat power but a less than proportionate increase
in surface area over the range of typical cell designs.
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Figure 3-11 Battery Temperature Rise vs. Overcharge Rate for Two |
Batteries of Different Cell Sizes

The result is that battery temperature rise increases with
battery capacity when the same relative charge rate,
e.g. 0.1C, is maintained. This is shown in Figure 3-11
where the overcharge temperature rise of a battery of
ten “D” cells is observed to be greater than the over-
charge temperature rise of a battery of ten “AA” cells.

3.4.3 Need for Charge Control

The discussion above shows that the cell internal pressure
and temperature can rise considerably, particularly when
the overcharge rate is high. In many cases the charge
current is low enough so that no damaging pressure or tem-
perature effects will occur to the cell in continuous over-
charge, even with years of uninterrupted overcharge. In
other applications, the charge current in overcharge is too
high to permit continuation into overcharge at this high
rate because either the cell pressure or temperature could
rise high enough to damage the cell, limiting its life. (See
Chapter 5 on battery life.) In these applications, charge
control is required. Overcharge control is the subject of Sec-
tion 3.7.
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3.5 CHARGING WITHO _
CONTROL: CHARACTERISTICS
AND METHODS

As mentioned above, in many applications for sealed nickel-
cadmium cells and batteries the charge current is low
enough and the ambient temperature surrounding the bat-
tery is such that continuing the same charge rate into over-
charge is quite acceptable.

The following sections discuss charging for applications
where batteries can remain in continuous overcharge, even
for years, at a constant charge rate.

The most frequently used and economical method for charg-
ing sealed nickel-cadmium batteries is the application of a
continuous charge current which is within the cell specifi-
cation overcharge capability. General Electric sealed nickel-
cadmium cells are available in two overcharge capabilities:

* Standard-Charge or overnight charge capability
* Quick-Charge capability (rates higher than the standard
charge rate)

(Fast-Charge cells have the same overcharge capability
as Standard-Charge cells.)

3.5.1.1 Standard-Charg

The Standard-Charge capability is the 0.1C rate and a
Standard-Charge cell is designed to be continuously charged
at rates up to 0.1C. Normally, a cell charged at the 0.1C rate
will become fully charged within 16 to 20 hours. In a few
special instances 24 hours or more may be required for a
full charge. Charge rates below the 0.05C rate are normally
discouraged, particularly in applications at elevated tem-
peratures or where frequent discharges are required, as the
cell may not achieve full performance. This is discussed
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further in Chapter 4. (Fast-Charge cells may not be over-
charged at the fast-charge rate; their maximum overcharge
rate is shown in specification sheets but is typically set at
0.1C or less.)

3.5.1.2 Quick-Charge

The Quick-Charge capability permits continuous charging
at rates up to 0.3C which will bring a discharged cell to full
performance in as little as 4 to 5 hours and then continue
with uninterrupted overcharge at up to the 0.3C charge
rate. The maximum overcharge rate for a Quick-Charge
cell is the 0.3C rate. Quick-Charge cells can be charged at
lower rates, such as 0.2C, and these lower rates are often
used to reduce overcharge temperature rise of large battery &=
packs.

3.5.1.5 Considerations for Charging Without Feedback Conlrol
Care must be taken to ensure that the charge rate and the
cells are suited to the application’s environmental require-
ments. If the ambient temperature is low, the cell internal
pressure may rise too high in overcharge due to diminished
oxygen recombination capability at the negative electrode.
Figure 3-12 shows the impact of cell temperature upon sta-
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Figure 3-12 Internal Cell Pressure at Various Cell Temperatures in
Overcharge
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bilized internal cell pressure in overcharge. Therefore, if
the battery will be exposed to low temperature environ-
ments charge control may be required. (Section 3.6.5
discusses low temperature charging.)

If the ambient temperature is high, the battery tempera-
ture in overcharge can rise significantly for large battery
packs with large cells, as Section 3.4.2 showed. Continued
exposure of cells to high temperature will limit the battery’s
life. Therefore, charge control to reduce overcharge tem-
perature or special high temperature Goldtop" cells may be
desired. (Battery life is discussed in Chapter 5.)

| Sealed nickel-cadmium cells and batteries may be charged
from either a direct current (dc) power source (such as
another battery, a dc generator, or a photo-voltaic cell array),
or they can be charged from a rectified alternating current
(ac) power source. Both will be discussed below. Which-
ever power source is chosen, sealed nickel-cadmium cells
are normally charged with a relatively constant current.

The ideal constant current source has an effective source
impedance which is infinite. Approaching this ideal requires
electronic regulation of charge current which is often not
economically justifiable. The constant current charger, in
practice, has a source impedance just large enough to accept-
ably restrict overcharge current variations resulting from
anticipated source and battery voltage variations.

3.6.1 DC Power Source
A very simple method of charging utilizes a dc power source
as shown in Figure 3-13. The charge current is calculated

by the equation below:

— Es_Eb
ln = “Fg—
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Figure 3-13 DC Charging Circuit

Where 1, = Charge current
E, = Source voltage
E, = Battery charge voltage (1.45V/cell typical)
R = Current-limiting resistance

If the source voltage is only slightly greater than the bat-
tery charge voltage, small source or battery voltage varia-
tions result in large variations in charge current. If regulated
source voltage is used, its voltage may need to be only slightly
greater than the battery charge voltage. However, under
this condition, temperature changes in the battery may cause
enough variation of the battery electrochemical polariza-
tion to result in a significant change in the charge current.
(Voltage versus temperature is shown in Tafel curves in
Figure 3-8.)

Most constant current chargers for nickel-cadmium batter-
ies use the alternating current (ac) line as a power source.
The basic requirements of common ac source chargers are
like those of the dc power source, namely, the source volt-
age is significantly greater than the battery voltage and
impedance limits the current. The impedance of an ac power
source can be reactive, resistive, or a combination of these.
Current limiting by reactance has an advantage in that the
reactive impedance component does not contribute to heat
generation. Rectification is used to convert the alternating
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current into direct current that flows only in the charging
direction through the battery. Most chargers utilize a trans-
former which permits optimized matching of the source
voltage to the charge voltage of the battery. Another impor-
tant feature of the transformer is that it provides isolation of
the charging output from the ac line, thus avoiding the haz-
ard of electrical shock.

Several transformer circuits are conventionally used for
charging from ac power. Those considered here are shown
in Figures 3-14 through 3-16. In these circuits, the current
limiting action is assumed to be achieved primarily by resist-
ance. This resistance is usually accomplished by proper siz-
ing of the wire in the transformer windings, with contribu-
tion from both the primary and secondary windings.

R E4
AN —pt
_l.*
AC T
LINE Exc I E,
]

[

Figure 3-14 Half-Wave Charging Circuit

Eq
. )

Figure 3-15 Full-Wave Center-Tap Charging Circuit

3-22 GEMERAL & ELECTRIC



E R
AC AC
LINE 4
T
Eq l Ep
L

Figure 3-16 Full-Wave Bridge Charging Circuit

The nickel-cadmium battery can be charged equally well
with either half-wave or full-wave current. Half-wave rec-
tification (Figure 3-14) is the most economical where low
power levels are involved, and hence is the most popular
method. For higher power chargers, it is usually economi-
cally advisable to use full-wave rectification (Figures 3-15
and 3-16).

An additional charge circuit is shown in Figure 3-17. This
circuit uses a capacitor to limit current in conjunction with
a full-wave bridge rectifier. The primary advantage of this
circuit is that it is essentially loss-free. With a 120V, 60 Hz
source, the charge current is approximately 40 milliamperes
{(mA) per microfarad of capacitance. For a 220V, 50 Hz
source, the charge current is approximately 60 mA per micro-
farad of capacitance. The capacitor must be able to with-
stand peak line voltage.

L
——

AC
LINE R +

]
1

Figure 3-17 Capacitive Charging Circuit
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The peak inverse voltage rating of the bridge rectifier in
Figure 3-17 needs to equal only the battery charge voltage
if the battery is never disconnected from the charge cir-
cuit, but must withstand line voltage if the battery is dis-
connected. The circuit is typically used for charging small
capacity batteries. The primary disadvantage of this circuit
is that it provides no electrical isolation from the ac line.
Therefore, in a practical sense, safety considerations limit
the application of capacitor-type chargers to devices where
the charger and battery are completely enclosed. The enclo-
sure must prevent user contact with any part of the circuit
including the battery contacts. Resistor R in Figure 3-17
serves only to discharge the capacitor to prevent possible
electrical shock, at the line cord plug, when the circuit is

disconnected from the ac receptacle.

The charger must provide sufficient current regulation so
that the battery is not damaged when it is left in overcharge.
In Section 3.4.1 the overcharge characteristic ( Tafel curves,
Figure 3-8) of sealed cells shows that cell charge voltage is
a function of cell temperature as well as overcharge cur-
rent. The nickel-cadmium charger current must be suffi-
ciently well regulated to prevent the overcharge current
from reaching unacceptable levels as a consequence of high
battery temperature and high ac line voltage. The over-
charge rate should never exceed the cell specification charge
rate by more than 20 percent.

To achieve an acceptably well regulated constant current
charger design, the transformer secondary voltage of an
ac power source is selected so that its open circuit voltage
is about 2.2 volts root mean square (rms) per cell. The volt-
age drop of each series rectifying diode must also be con-
sidered. The following information may be a useful guideline
for the design of simple chargers.

The dc overcharge current with rectified ac source can
be calculated using two equations:

3-24

D mg oome g
S0 GF nanpTomye
AL @y ELECTRIS




Charging

ac XKI

Half-Wave: 1., = V2E
TR

Full-Wave: I, = 2V2E,
Z Y TrTac Kl
™R
Where: I, = Overcharge current
E.. = ac rms open circuit source (secondary)
voltage (outside to center tap when center
tap is used)
R = Sum of total effective transformer resistance
and external resistance
K, = Coefficient taken from Figure 3-18

E, = Battery voltage during overcharge T
E,s = Diode voltage drop

Overcharge current I, is not a linear function of the differ-
ence between E . and [E, + E;]. This difference is accounted
for in coefficient K, {determined from Figure 3-18). The
rectifier voltage drop E, is a nonlinear function of current,
but 0.8 volt is a typical value that can be used for the silicon
diode; a value of 1.6 volts must be used when calculating
for a silicon bridge rectifier.

The value of voltage to be entered as E, is typically 1.45
volts per cell at 23°C (see Tafel curve Figure 3-8) for 0.1C
to 0.3C charge rates. The ratio of rms current to dc charg-
ing current is always greater than 1.0 in a rectified ac charg-
ing circuit. This ratio increases as the ratio of E,. to (E, +
E,)decreases. The rms current must be calculated to deter-
mine the ratings for the transformer, diode(s), and any exter-
nal resistor. This rms current can be calculated using the
appropriate equation below. Coefficient K, is determined
from Figure 3-18.

Half-Wave: I, =V 2K,
Full-Wave: [, = K,l.

The greatest rms current will occur with high line voltage
and at the start of charge where battery voltage may be
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Figure 3-18 Coefficients K; and K for Calculating Charging Circuit
Currents

about 1.30 volts per cell. Charging circuit components must
be rated to tolerate these conditions for a significant por-
tion of the charge time and even more severe conditions
for a brief period if a battery has been deeply discharged to
zero volts.

3.6.4 Series/Parallel Charging

As discussed above, charging of sealed nickel-cadmium cells
and batteries is quite simple when the batteries or cells are
connected in series. Sealed cell batteries should not be
charged in parallel. Because of the slight differences in the
Tafel curve {Figure 3-8) of each cell, one battery in a parallel-
connected group of batteries may accept more current in
overcharge than the other battery. This one battery would
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heat up due to its acceptance of more current, its electro-
chemical polarization would decrease, and it would accept
even more of the charge current. A slight imbalance in the
overcharge current can increase to where one battery is
overcharged at a level significantly greater than its cell speci-
fication rating.

It is possible to constant-current charge multiple nickel-
cadmium sealed cell batteries from a common power source,
but a current limiting resistor must be associated with each
battery as indicated in Figure 3-19. If the batteries do not all
have the same number of cells the source voltage must be
adequate for the battery having the greatest number of cells
and each resistor must be of the proper value for the num-
ber of cells and capacity in that charging branch. When an
ac source is used, and all batteries have the same number
of cells, a single rectifier of adequate rating can be used at
point ® of Figure 3-19 in place of individual rectifiers in
each charging branch.

b

AC %
Rt
SOURCE R2 Rs
T~ BATTERY “T BATTERY T BATTERY
-t 1 e 2 —— 3
& — T

Figure 3-19 Constant-Current Charging in Parallel

For standby power applications it is sometimes desirable
to have a large bank of parallel connected batteries under
continuous charge. Figure 3-20 gives a typical schematic.
The batteries are independently charged through their
respective resistors from the rectified source and are iso-
lated from each other by rectifiers through . When
switch (%) is closed, all the batteries will contribute load cur-
rent equallv.
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Figure 3-20 Charging in Parallel for Standby Power Applications

3.6.5 Low-Temperature Charging

Charging at low temperatures introduces a phenomenon
not observed at room temperature. At low temperatures the
efficiency of the oxygen recombination reaction at the neg-
ative electrode is reduced. Depending upon the tempera-
ture and the charge rate, hydrogen gas may also be generated
at the negative electrode. A build-up of pressure may occur
from both oxygen and hydrogen gases when charging at
very low temperatures. This pressure increase could be
enough to cause the high-pressure safety vent to operate.

In practice, most charging occurs at room temperature
well above the temperature at which hydrogen gas genera-
tion would become a factor. In Quick-Charge applications
where charging below 10°C or Standard-Charge rate appli-
cations below 0°C the charger should be designed so that
the charging current is reduced as the temperature drops,
as in Figure 3-21.

The charging voltage of a cold cell will rise, not only in
overcharge as shown in Figure 3-8 (the Tafel Curves), but
also during charging due to the reduced mobility of the
electrolyte ions at lower temperatures and increased elec-
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Figure 3-21 Maximum Recommended Overcharge Rates at Various
Temperatures

trochemical polarization at the electrodes. The charging volt-
age of a very cold cell will rise above 1.50 volts at the 0.1C
charge rate. The charge current which will bring the charge
voltage of a cold cell to no greater than 1.50 volts is low
enough to limit excessive gas generation. Accordingly, a
voltage clamp on the charger circuit which limits charger
output voltage (battery voltage) to 1.50 volts dc per cell
in addition to the normal constant current regulation is a
very effective method of achieving system reliability at
low temperatures.

As discussed earlier in Section 3.2.1, the capability of a sealed
nickel-cadmium cell to charge effectively is reduced at ele-
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vated temperatures. The amount of charge utilized by a
hot cell depends on the charge rate and its temperature. At
very low charge rates (less than .05C ampere rate) and
cell temperature exceeding 40°C, the loss of dischargeable
capacity becomes apparent. To achieve the highest level of
charging effectiveness when charging above 40°C, the
charge rate should be at the maximum overcharge rate
within the cell specification overcharge rating.

But charging cells in an elevated-temperature environ-
ment at a higher rate introduces another problem. The cell
temperature in overcharge will rise above its ambient tem-
perature in proportion to the charge rate; a high overcharge
rate will therefore bring about a correspondingly high rise
in cell temperature. If the ambient temperature is already
high, the cell temperature in overcharge can rise to such a
level that continuous overcharge will significantly reduce
cell life (discussed in Chapter 5). One way to overcome the
high temperature in overcharge is to use the charge control
methods discussed in Section 3.7.4.

3.8.7 Photo-Voltaic Source

Photo-voltaic cells, sometimes referred to as solar cells, are
commonly used for charging nickel-cadmium batteries in
space vehicles and in remote locations.

Figure 3-22 shows a photo-voltaic array used as a nickel-
cadmium battery charger. The reverse blocking diode

assures that the battery will not discharge through the solar
cells when light intensity is low.

Ve
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Figure 3-22 Series Array of Photo-Voltaic Cells
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Silicon photo-voltaic cells are capable of delivering about
450mV when irradiated by the sun at its zenith (peak sun).
There must be sufficient number of solar cells to provide
an array voltage of about 1.45V per nickel-cadmium cell
plus the reverse blocking diode voltage drop. Within the
limits of their voltage output capability, photo-voltaic cells
deliver an essentially constant current which is proportional
to the incident sunlight. Therefore, no current limiting resis-
tor is required. The photo-voltaic cell size (area) is typically
selected to deliver rated nickel-cadmium charge current
under peak sun conditions.

3.7 @HA (GING WITH FEEDBACK CONTROL:
CHARACTERISTICS AND METHODS

The term Fast-Charge is defined as a charging technique
which permits the battery to be charged at the 1C rate or
greater to obtain a full charge in about one hour or less.
The fast-charging scheme requires that some means be pro-
vided to terminate the fast charge before the battery receives
too much overcharge at the high rate. Nickel-cadmium
sealed cells cannot sustain indefinite overcharge at fast-
charge rates.

Many fast chargers utilize the split-rate constant-current
approach. Split-rate charging is a technique in which the
battery is initially charged at a fast rate. Then, at an appro-
priate time when the battery is fully charged or nearly fully
charged, the charging rate is switched to a slow rate. The
slow rate may be 0.1C or an even lower trickle rate because
the battery has already reached a high state of charge.

Fast charging also has the advantage of being able to
partially charge a battery in a very short time, often a mat-
ter of minutes. The fast charge method is ideal for those
applications requiring a number of partial or complete
charge/discharge cycles per day.

Fast charging has other limitations in addition to requir-

ing charge control. In most charger designs, the charge
control involves a sensor which adds to circuit complexity
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and cost. The power source must be sized to provide high
charge currents which means greater cost, size, and weight
relative to a standard-rate charger. There is always a possi-
bility that a fast-charge control will fail to terminate the
high-rate charge. A thermal fuse located physically in the
battery and electrically in the charging path may provide
added protection. The rather large increase in battery tem-
perature, resulting from the uncontrolled and continued fast-
charge current, can cause the thermal fuse to open and
thus terminate the charge current. The following sections
are devoted to the various schemes of charge control
employed in fast-charge systems.

3.7.71 Coulometric Control

The most fundamental method of fast charging is to charge
the battery such that it receives just the amount of capacity
it needs to bring it to full charge and no more. This can be
done by measuring, with a coulometer, the amount of charge
in ampere-minutes removed from the battery during each
discharge and then measuring the amount of charge
returned during each subsequent recharge. The fast-charge
current is then terminated when the number of ampere-
minutes returned to the battery equals the amount needed
to recharge the battery.

The coulometer used for charge control is a device capa-
ble of integrating current over time. It must be able to pro-
vide a signal when a predetermined charge current-time
product has been reached. The coulometer and the battery
are electrically connected in series. The coulometer can be
a chemical or an electronic device. Figure 3-23 shows a block
diagram of a coulometer charge control. If the battery is
discharged through the load, the discharge current also pas-
ses through the coulometer. The coulometer integrates the
discharge current-time product. During a subsequent
charge, the coulometer integrates the charge current-time
product. When the coulometer has integrated a charge equal
to the previously integrated discharge it provides a signal
to terminate the charge. A scaling factor is usually applied
to account for the less than 100 percent efficiency of charging.
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Figure 3-23 Coulometer Charge Control

Coulometer fast-charge control works best on systems in
which the battery does not experience long rest periods after
charging. Since the coulometer may not possess a self-
discharge characteristic similar to nickel-cadmium cells, it
may not provide an accurate measure of the input required
to offset self-discharge so as to fully charge the battery.
This can be compensated for, however, by using coulome-
ter control of the fast-charge rate and then switching to a
standard rate to ensure full charge.

3.7.2 Time Control
3.7.2.1 Simple Timed Control

It is advantageous to minimize the amount of time a bat-
tery is at elevated temperatures during overcharge because
battery life is decreased with exposure to elevated tempera-
ture. This is discussed in detail in Chapter 5. A simple time-
limit control can be applied to reduce the overcharge to a
trickle rate and therefore decrease the temperature, when
typical overcharge rates (0.1C for Standard-Charge or 0.3C
for Quick-Charge cells) cause unacceptable temperature rise
as discussed in Section 3.4.2. Time limit control can restrict
the period of the initial charge rate to the amount of time
required for a discharged battery to reach full charge, for
example, 16 hours for 0.1C rate or 4 hours for 0.3C rate.
Even if the battery is already near full charge when charg-
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ing is initiated, the period of overcharge temperature stress
established by the time-limit control may be small com-
pared to the period of stress that would result from an uncon-
trolled charge time.

by

3.7.2.2 Dump-Timed Control

Another fundamental control method for fast charging is to
charge the battery for a predetermined amount of time fol-
lowing each use of the battery. If the battery characteristics
are known, and the state of charge of the battery is known,
a timed charge of extremely high rate can be safely deliv-
ered to a sealed nickel-cadmium battery (using a cell desig-
nated for charging at that extremely high rate).

This concept of fast charging for a specific time is valid
only when the state of charge of the battery is known at
the instant the timed high-rate charge is applied. The con-
cept is best suited for single-cell battery applications.
Multicell battery applications require very careful analysis
of the individual cell characteristics and the interaction
between cells with regard to both charge and discharge.
Both multi- and single-cell applications need a cell desig-
nated for the charge rate used. The following discussion
about dump-timed charge (DTC) is limited to single-cell
battery applications.

In the timed-charge approach, a constant-current charg-
ing source of appropriate output is connected to the battery
through a timed switch. The timer can be mechanical, ther-
mal, electrical, or even chemical. When charging, the timer
is actuated, the fast-charge current is supplied to the bat-
tery for a predetermined time, and it is then terminated.
For example, using a cell designed for DTC, a completely
discharged 1.0 ampere-hour cell in a given application may
be fast charged safely at its 5C rate (5.0 amperes) for up to
10 minutes before the timer terminates the fast-charge cur-
rent. If the beginning state of charge of a cell is zero, the
cell may be charged at the fast rate for a rate-time product
equivalent to almost one hundred percent of the rated capac-
ity of the cell.
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One way to ensure that the cell is discharged enough to
safely tolerate a timed fast charge is to apply a discharge
load for the period of time that can remove the proposed
charge input. The dump-timed charge method in sequence
discharges the cell to a level that accommodates the charge
rate-time product which immediately follows. The discharge
given the cell prior to charge is normally at a rate much
higher than the charge rate. Therefore, less time is required
for this discharge than for the planned charge time. This
fast discharge has been termed a dump. When it is followed
by a timed charge, the term dump-timed charge (DTC)
is used.

Figure 3-24 shows the DTC circuit elements and the rela-
tionship described in the paragraph above. The cell is
discharged at a high rate in a short time, (™). The cell is |
then charged at a fast rate for a set period of time, (7. The &
product of the dump time and dump rate can be expressed &
in ampere-hours as ). The product of the charge time and
charge rate is (). As long as is equal to or greater than
(@), the times and rates can be varied to suit the application,
subject to the particular cell characteristics.

OFF
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CURRENT SINGLE
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a. DUMP-TIMED CHARGE CIRCUIT

CHARGE

02 (Ah)

T2
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b. DTC CHARGE VS. DISCHARGE

Figure 3-24 Dump-Timed Charge
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3.7.3 Pressure Sensing Control

Another possibility for controlling fast charge is to sense
the internal pressure of the cell and terminate the fast-charge
current when the pressure rises to a predetermined level.

In Section 3.3 it was shown that as the cells in the battery
pack approach full charge, some of the charge current begins
to cause oxygen gas to form at the positive electrode. Oxy-
gen gas pressure builds up within the cell as the battery
approaches full charge. At fast-charge rates oxygen forma-
tion is very rapid as full charge is approached and corres-
pondingly the internal pressure rises rapidly. It is this ris-
ing pressure characteristic that could be used as the signal
to trigger a cutoff of the fast-charge current.

The concept of using pressure as the cutoff signal, though
ideal in theory, is not simple to incorporate. To measure the
pressure by internal means requires a special cell with a
pressure sensor or a modified common cell with the pres-
sure sensor introduced in some way. The modification of a
common cell may affect the cell performance and is not
recommended. Attempts have been made to measure the
expansion or swelling of the cell casing through the use of
strain gauges as the internal pressure rises. Neither approach
has been broadly adopted due to the high cost involved and
the possibility of poor reliability on multicell batteries when
compared with other charge-control techniques.

3.7.4 Temperature Sensing Conircl

Fast-Charge nickel-cadmium sealed cells and batteries may
be fast charged using battery temperature as the signal to
terminate the high charge current, provided that certain
precautions are followed. A number of methods, each with
certain attributes and limitations, are used to sense temper-
ature and to control the fast charging. The following sub-
sections will describe these various methods and present
information to help select the proper method for the spe-
cific application being considered.
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Temperature control of fast charging relies on the con-
cept, developed in Section 3.3, that there is an increase in
internal cell pressure and an increase in cell temperature
as a cell approaches full charge and subsequently reaches
overcharge. Both of these parameters are related to the
charge rate and the temperature at which the charging
is conducted.

The relationship of cell temperature and cell internal pres-
sure to charge input is shown in Figure 3-25. The internal
cell pressure begins to rise before the 100 percent charge

e PRESSURE
o= emem TEMPERATURE

|
i
i

0 100
CHARGE INPUT (% OF CAPACITY)

Figure 3-25 Typical Cell Temperature and Internal Pressure During
Charging for Various Charge Rates

input point is reached because some oxygen gas is gener-
ated. Consequently the charging efficiency decreases in this
region (see discussion in Section 3.2). The rate of pressure
rise and the level which the pressure reaches are functions
of the charge rate as shown by the solid line curves in Fig-
ure 3-25. The cell temperature rise is also a function of the
charge rate as shown by the dotted line curves in Figure
3-25. The temperature rise lags behind the pressure rise
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due to the thermal mass of the cell and because oxygen
pressure must exist before recombination can bring about
heat generation with a consequent increase in cell temper-
ature. This temperature rise is generally detectable when
the cell approaches full charge. The amount of tempera-
ture rise for any specific cell size and cell construction has
a direct relationship to charge current.

The ambient temperature around the battery during
charging has an effect on the cell internal pressure and the
final temperature to which the battery will rise. The pres-
sure required to achieve a given rate of oxygen reduction at
the negative electrode is an inverse function of tempera-
ture. At low cell temperatures the oxygen pressure can rise
rapidly and may reach the release pressure of the safety
vent mechanism. At high cell temperatures the pressure
rise will be substantially less than exists at normal temper-
atures because oxygen recombination is enhanced.

A variety of methods of using this temperature rise charac-
teristic for controlling the fast charge current are available.
In the following sections, four control methods are discussed:

Temperature Cutoff (TCO)

Incremental Temperature Cutoff (AT TCO)
Incremental Temperature Control (AT Control)

Rate of Temperature Change Control (dT/dt Control)

The following information on temperature sensors is pro-
vided as background for the use of the above temperature
cutoff concepts.

The simplest temperature sensor for Fast-Charge rate cut-
off is the manual reset thermostat. This device is a switch
that opens when the rising cell temperature reaches the
actuating temperature and that can be closed manually when
the temperature falls below the temperature which permits
manual reset. The thermostat is thermally coupled to a
selected cell in the battery pack and can be electrically con-
nected in series with the charging circuit (See Figure 3-26).
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Figure 3-26 TCO Sensing Circuit-Thermostat

A bypass resistor around the thermostat drops the charg-

ing current to a trickle charge rate when the thermostat is ' S

open. The manual reset thermostat and the bypass resistor . &

become a uniquely simple fast-charge system. R
While the advantage of the manual reset thermostat is

that it is a low-cost approach to the sensing of the cutoff

point and switching the fast-charge current, it has an oper-

ational disadvantage. A dead band exists between opening

and reclosing of the thermostat. Fast-Charge cannot be ini-

tiated if battery temperature is above the manual reset tem-

perature of the thermostat, that is, above the opening

temperature or in the dead band of the thermostat. This

elevated temperature could exist when the battery is con-

nected to the charger in a high temperature ambient. The

battery would have to be cooled to the thermostat manual

reset temperature before a fast charge could be initiated.

If an automatic reset thermostat is used in place of a man-
ual reset thermostat, an undesirable bouncing condition can
occur in overcharge. The thermostat, heated to its opening
temperature by the battery, terminates fast charge. When
the battery cools, the thermostat falls below its closing tem-
perature, and fast charge is again initiated. This repeated
on-off condition, illustrated in Figure 3-27, shortens battery
life because the cells are exposed to higher average temper-
ature and internal pressure for an extended time. {Battery
life vs. temperature is described in Chapter 5.)
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Figure 3-27 Temperature Excursions in Overcharge When Using An
Automatic Reset Thermostat

Of course, the manual reset thermostat avoids this on-off
bouncing. It will not reclose until it is reset by pushing its
reset button, either manually or automatically by reinserting
the battery into the charger. A possible method of correcting
the automatic reset thermostat bouncing condition would
be to thermally couple the low rate charge bypass resistor
to the automatic reset thermostat so that its heat would
keep the thermostat from cooling and reclosing. However,
this would tend to keep the battery at an elevated tempera-
ture, especially at the location of the thermostat, until it is
disconnected from the charger, thus reducing battery life;
this is therefore not recommended. A commonly used
method to avoid bouncing is to provide an electronic func-
tion in the charger which detects the opening of the auto-
matic reset thermostat and then keeps the fast-charge
current source disconnected until a positive action has taken
place (such as removing the battery from the charger) which
is detected by the electronic latching mechanism.

Thermistor Temperature Sensing

Thermistors are temperature sensitive resistors that can be
used to sense the temperature of a cell in a battery pack.
Thermistors are available with positive temperature coeffi-
cient (PTC) and negative temperature coefficients (NTC)
of resistance. PTC thermistors which have a large temper-
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ature coefficient in the temperature region of interest can
be obtained. Because of this large temperature coefficient
in a relatively narrow temperature region, this type of PTC
thermistor is referred to as a switch type thermistor. A Cir-
cuit responding to such PTC thermistor is less critical and
generally need not include a costly potentiometer for estab-
lishing a set point. The switch type PTC thermistor is appro-
priate for temperature cutoff (TCO) control of fast charge
(discussed in Section 3.7.4.1). However, the switch type PTC
does not permit matched pairs that behave well over a wide
temperature range and thus NTC thermistors are used for
incremental temperature cutoff (ATCO) fast-charge control
(discussed in Section 3.7.4.2). Switch type PTC thermistors
are typically more costly than NTC thermistors.

For temperature cutoff control, the signal developed by
the thermistor circuit is continuously applied to the control
circuit as shown in Figure 3-28. When the temperature rises
to the set point, the control circuit acts to open the fast-
charge current switch, lowering the charge rate to the trickle
rate. The latching function in the control circuit, which
may not be reset until an action like the battery’s being
removed from the charger circuit, holds the current switch

BYPASS RESISTOR

AAA

Wi
CURRENT W mg
SWITCH 77 g
]
i — § l
CONTROL g oNT i
CHARGING CiRcuIT & b L LOAD
WITH N ] .~ =
CURRENT —P ~E
SOURGE LATGHING i =
FUNGTION =
i §
! I
sy i
) >~
f
fn s s e e b

BATTERY PACK

Figure 3-28 Sensing Circuit With Latching Function-Thermistor
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open even when the temperature of the cell falls. Thus,
bouncing back into high rate overcharge is avoided.

A thermistor is small enough to fit into almost any bat-
tery pack without increasing its size. The thermistor, with
associated control circuit, has no dead band which means
that fast-charge can be initiated whenever the cell tempera-
ture is below the cutoff setting.

3.7.4.1 Temperature Cutoff

The temperature cutoff (TCO) fast charger is the simplest
of all temperature-based fast-charge control methods, par-
ticularly with a manual reset thermostat. In its most basic
form it consists of a constant current dc power supply and
a battery containing a thermostat. The thermostat is
tightly coupled thermally to a cell in the battery. As the
fast-charge rate is applied to the battery, the battery accepts
charge with essentially no temperature rise until the cells
approach full charge. As full charge is approached, the
increasing presence of oxygen causes the recombination
reaction at the negative plate to progress more rapidly,
which in turn causes the cell temperature to rise sharply.
The thermostat, thermally coupled to a cell casing, is set to
operate at a temperature carefully chosen to provide termi-
nation of the fast-charge rate well before the cell internal
pressure reaches the pressure at which the safety vent would
open. Chargers are typically designed so that when the
thermostat has operated the charge current is reduced and
held to an acceptable trickle overcharge rate.

This sequence of events is represented in Figure 3-29. If
the charge is started with cells at room temperature, the
cell pressure and temperature show little increase until near
full charge. The basic interactions between the rate of rise
of pressure and the rate of rise of temperature and their
displacement in time determine the feasibility of utilizing
temperature rise as a fast-charge control.

In Figure 3-29, the temperature sensor is set to terminate
the fast-charge rate when the cell temperature reaches 45°C.
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Figure 3-29 Sealed-Cell Pressure and Temperature During Charging
vs. State of Charge in 23°C Ambient

At this time the gas pressure within the cell is climbing
rapidly but is normally within operating limits. A fast-charge
system utilizing General Electric Fast-Charge cells and a
TCO charger will, in most circumstances, provide a per-
fectly viable system. However, three special situations must
be considered:

1. Battery Charged In A Low Temperature Ambient— This
condition presents a serious limitation to the TCO con-
cept. When a battery is charged in a low temperature
ambient, it may fail to reach the predetermined cutoff
temperature, leading to uncontrolled fast charging and
permanent cell damage. The two curves in Figure 3-30
illustrate the same battery at the same charge rate but
charged in two different ambient temperatures. The bat-
tery charged at room temperature, Curve @), reaches the
cutoff temperature setting. The battery in the cold envi-
ronment, Curve @), fails to cutoff the fast-charge current.

2. Cold Battery Placed In The Charger— This condition is
also a serious shortcoming of the fast charge TCO con-
cept. If the battery is cold at the start of charging, even
if charged in a 23°C ambient temperature, the cutoff
temperature may not be attained before pressure in the
cell has reached an excessive value and venting has
occurred. The temperature profile would look like Curve
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Figure 3-30 Effect of Low Ambient Temperature on Ability of System
to Cutoff

® in Figure 3-31. The time in overcharge to reach the
temperature cutoff point for Curve ® is longer than
that for a battery at room temperature, represented by
Curve ®. Therefore, the peak pressure would be signif-
icantly higher for battery ® than ®. This is in addition
to the problems covered in Section 3.6.5 on low-temper-
ature charging.

3. Hot Battery Placed in the Charger—If the battery tem-
perature is above the cutoff setting of the temperature
sensor, the charger will deliver only the trickle charge
rate to the battery. When the battery cools down to the
reset point of the thermostat, the fast-charge current
can be initiated.

If these three situations do not occur, the TCO concept,
when used within cell specification charge rates and appro-
priate cutoff temperature settings, will be a very reliable
charging system. If either of the two cold temperature appli-
cation situations is likely to occur, one of the other temper-
ature sensing systems should be selected.
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Figure 3-31 Effect of Cold Battery in Room Ambient on the Time to
Reach Temperature Cutoff

3.7.4.2 Incremental Temperature Cutoff

The preceding cold ambient temperature application situa-
tion which causes the simple TCO fast-charge control con-
cept to be unsuitable is overcome with the Incremental Tem-
perature Cutoff (ATCO or delta TCO) concept wherein fast
charge is terminated when the battery temperature has risen
by a predetermined increment above the ambient temperature.

Figure 3-30 shows the effect of charging a battery in a
cold ambient temperature {Curve @) anfl at room tempera-
ture {Curve ®). Using the TCO concept, batteries in either
ambient can typically be cutoff reliably after a 10°C rise.
In both examples of Figure 3-30 the cutoff with a 10°C ATCO
occurs comparatively early so that excessive charging at
the fast-charge rate is avoided, resulting in greater battery
life (see Chapter 5 on battery life). In the case of Curve & in
Figure 3-31 the cutoff is accomplished by the ATCO method
while the normal TCO fails to terminate the fast-charge
current. The sealed nickel-cadmium battery should not be
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fast charged in an ambient temperature below 10°C. (See
Section 3.6.5 on low-temperature charging.)

Two temperature sensors are required to create the ATCO
system. One is affixed to a selected cell in the battery pack
so that it measures the skin temperature of the highest tem-
perature cell in the pack (normally the centermost cell).
The other temperature sensor is located away from the bat-
tery pack so that it is thermally isolated from battery and
charger heat and so it senses the surrounding air. The charge
control then terminates the fast-charge current when the
battery temperature sensor rises by the selected increment
above the temperature of the ambient sensor. The appro-
pri-ate value for the amount of temperature difference (delta)
for cutoff should be selected for each case, depending upon
type of battery, cell size, number of cells in the pack, bat-
tery packaging, and other thermal considerations; the 10°C
value is often used.

The temperature sensors are normally thermistors or
thermocouples which provide a signal to a comparator cir-
cuit within the special charger as shown in Figure 3-32.
When the temperature rise reaches the prescribed incre-
ment, the comparator circuit signals the fast-charge switch
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Figure 3-32 ATCO Control System
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to terminate the fast-charge current. A trickle charge cur-
rent normally continues after the high-rate current is cut off.

3.7.4.3 Differential Temperature Conirol

Another method of fast-charge control using temperature
rise to reduce the charge rate is the Differential Tempera-
ture (AT) Control Method. This fast-charge control is ac-
complished by establishing a temperature rise limit which
reduces the charge current in overcharge to a rate just ade-
quate to maintain a predetermined battery temperature rise
above ambient. Figure 3-33 shows the concept. Qutput sig-
nals from a battery temperature sensor and an ambient tem-

FAST
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CCUHF;\PTSNET CURRENT BATTERY
SOURCE CONTROL

L4
’

4
L

BATTERY
TEMP
SENSING
NONLATCHING
COMPARATOR
AMBIENT
TEMP
SENSING

Figure 3-33 AT Control System

perature sensor provide inputs to a nonlatching comparator
which compares the outputs of the two temperature sen-
sors and controls the charge rate. These thermistors are
chosen, or their signal outputs are conditioned, so that when
the battery temperature has risen above the ambient tem-
perature by a difference AT, e.g. 5°C, the comparator and
charge current control will act to produce a smooth transi-
tion of current from the fast-charge rate to an overcharge
rate that will just maintain the predetermined temperature
rise AT.
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Because there is no latched cutoff condition, this control
system automatically permits a battery, which was hot when
placed in the charger, to receive the fast-charge rate when
it cools to a temperature less than AT above the ambient
temperature. This charge control method has a disadvan-
tage in that design precautions must be taken to prevent
cyclic rapid ambient temperature changes, caused by air
conditioning and heating systems, from causing the charger
to deliver pulses of fast-charge current when the battery is
in overcharge. (These pulses could provide an overcharge
rate greater than the cell specification rate and therefore
may be abusive.) Consequently, the method requires exten-
sive system engineering.

Es)

3.7.4.4 Rate of Temperature Change Cut-Off

The Temperature versus Time Curve for a nickel-cadmium
battery in response to fast-rate overcharge has a shape as
shown in Figure 3-34. This characteristic is such that the
rate of temperature change (dT/dt) becomes a useful value
as full charge is approached.

CELL TEMPERATURE

0 TIME

Figure 3-34 Typical Fast-Charge Temperature Profile
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The signal from a temperature sensor can be electronically
differentiated with respect to time in two ways. The first is
to use an operational amplifier. A limitation of this method
is the sensitivity of the operational amplifier to the pres-
ence of electrical noise which can readily produce extrane-
ous outputs which result in inaccurate control.

The second and better approach is to sense a predeter-
mined small temperature change AT based on the average
of samples grouped around points in time separated by a
time interval At. This is readily achievable with a micro-
computer chip and becomes particularly feasible when the
microcomputer chip is already present for some other pur-
pose. The microcomputer approach requires analog-to-digital
(A/D) conversion of temperature sensor signals to provide
usable inputs to the microcomputer. The degree of sensi-
tivity of dT/dt that the microcomputer can detect (and thus
how early in the temperature rise fast charge can be termi-
nated) is dependent on the resolution and accuracy of the
A/D converter and, of course, noise is again a factor.

3.7.5 Voltage Sensing Control

Battery voltage can be used as a signal for controlling charge
current and indeed the voltage clamp described previously
in Section 3.6.5 on low temperature charging is an example
of just such voltage control of charge current.

The many factors which affect nickel-cadmium cell charg-
ing voltage such as temperature, age of cell, previous his-
tory, and type of construction must be taken into account.
These variables can, in many instances, have a greater ef-
fect on battery voltage than the state of charge. Therefore,
voltage sensing for charge control must take into account
the effects and features of the points described in the fol-
lowing section.

It must be recognized that a primary failure mode of
nickel-cadmium cells at the end of life is internal shorting
(described in Chapter 5). Any fast-charge control method
which depends solely on voltage magnitude to terminate
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fast charge may lose control when a cell shorts. Voltage
cutoff (VCO) and constant potential (CP) are examples of
charge controls that are subject to this problem. Loss of fast-
charge control means the battery will possibly vent a mix-
ture of hydrogen and oxygen. (See Chapter 7 on Safety.)

The voltage of fully discharged sealed nickel-cadmium
cell during charging takes on a profile similar to that shown
in Figure 3-35. At room temperature a fully discharged Fast-
Charge cell, when placed on charge at 1C rate, will rapidly
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Figure 3-35 Typical Charging Voltage Profile of Sealed Nickel-Cad-
mium When Charged at 23°C

rise to about 1.40 volts and then will gradually rise to about
1.45 to 1.50 volts as more of the active material is charged
and the cell approaches full charge. After there is little un-
charged positive plate active material remaining and oxy-
gen is being generated at the positive plate, the cell voltage
again rises somewhat more rapidly.

The level of cell voltage and the rate of rise are dependent
upon the charge rate, as shown in Figure 3-36. The degree

3-50 GENERAL &5 ELECTRIC



Charging

CELL VOLTAGE
-
(9]

'/
/AMBIENT TEMPERATURE 23°C

o 100
CHARGE INPUT (% OF CAPACITY)

Figure 3-36 Effect of Charge Rate on Voltage Profile of a Sealed Cell
Designed for Fast Charging

of the cell voltage rise upon approaching full charge is also
dependent on other factors such as the cell design, age, and
previous history. Some cells produce a pronounced voltage
rise and other cells produce a minimal voltage rise. The
curves shown in the figures are general representations of
typical Fast-Charge cells.

The charge voltage of all sealed nickel-cadmium cells will
also vary with the temperature of the cell. If the cell is very
cold the charge voltage can rise to a high value. Conversely,
the voltage of a warm cell during charging will be lower, as
shown in Figure 3-37.

The typical sealed nickel-cadmium cell will exhibit a
charging voltage which varies inversely with temperature
by about 3 millivolts per degree Celsius. The charge volt-
age of sealed nickel-cadmium cells will also vary from cell
type to cell type depending upon the design of the cell.
These differences in design, construction, and manufac-
turing processing all have an impact on cell charging volt-
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Figure 3-37 Typical Charging Voltage Profile of Sealed Nickel-Cad-
mium Cells at Various Ambient Temperatures for 1C Rate
Charge

age. An indication of the range of voltages is shown in Fig-
ure 3-38. The three curves shown are representative of the
magnitude of charging voltage differences which can be
expected from cells of different design, construction, and
manufacturing process and are not specific to any actual one.

It is important to appreciate that different charging volt-
age characteristics will be exhibited by a battery depend-
ing upon:

¢ Charge rate as the battery approaches full charge
e Cell temperature during charging
e Cell design, construction, and manufacturing process

For this reason, the product designer should consult with
General Electric when designing a fast-charge control
using only voltage magnitude. The correct selection of
charge rate, signal point, charger design, and degree of tem-
perature compensation of the signal must be selected in
light of the cell type. A voltage-sensing control system may
lead to product field problems if battery characteristics and
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Figure 3-38 Typical Charging Voltage Profile of Sealed Nickel-Cad-
mium Cells at 23°C and the IC Charge Rate

variations are not understood and taken into considera-
tion. Given the possible difficulties with voltage magnitude
charge control, it is generally a technique not promoted by
General Electric.

3.7.5.1 Constant Potential Scurce Charging

A constant-potential (CP) charging source would imply that
the charger could maintain a constant voltage independent
of the charge current load. During the charging operation,
tew CP-type battery chargers fail to encounter a current
limitation. The result is a deviation from the constant-voltage
mode. Consequently, this method of charging would more
logically be called voltage-limited charging. In view of the
historically established terminology, however, and to avoid
confusion, the expression constant potential (CP) charging
will be used in this discussion.

Charging from a CP source is quite common for vented
nickel-cadmium and lead-acid batteries, but not for sealed

GENERAL B ELECTRIC 3-53




Charging

nickel-cadmium batteries, because the sealed nickel-cad-
mium battery charging characteristic is different. Figure
3-39 illustrates this difference in terms of voltage response
to a constant charge current. Vented nickel-cadmium and
lead-acid batteries exhibit a pronounced voltage increase in
response to an applied constant current as the battery
approaches full charge. This response is caused by the on-
set of hydrogen generation at the negative plate. Sealed
nickel cadmium produces a relatively small voltage rise. Its
negative plate is depolarized by the recombination of oxygen
so that no hydrogen overvoltage or gas generation occurs.

When charging from a CP source, the initial charge cur-
rent supplied to a battzry is typically limited only by the
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Figure 3-39 Comparison of Charging Voltage Characteristics of Differ-
ent Types of Batteries
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current capability of the charger. This affords an opportu-
nity to rapidly bring the battery to full charge. The onset of
hydrogen generation in vented nickel-cadmium and lead-
acid batteries, as full charge is approached with a CP source,
causes the charge current to decrease to a low level. The
constant-potential charge control scenario for sealed nickel-
cadmium batteries is not so readily accomplished.

When charged at 23°C, the voltage of a sealed nickel-
cadmium battery must reach about 1.45 volts per cell in
order to achieve full charge. If charging is done from a CP
source of 1.45 volts, the overcharge current would be about
0.1C if the cell temperature remained constant.

The heat generation associated with an initial 0.1C over-

charge current can cause a significant temperature rise for
sealed nickel-cadmium batteries. The related increase in

electrochemical activity reduces the electrochemical polar-
ization. Maintaining a fixed charging voltage as the tem-
perature rises will result in an overcharge current greater
than would have occurred had the nickel-cadmium battery
remained at the ambient temperature.

If heat transfer from the sealed nickel-cadmium battery
is less than excellent, or if the ambient temperature should
increase, overcharge current may continue to escalate with
an attendant increase in battery temperature. This system
instability associated with a fixed voltage charging source
has been classically termed thermal runaway. Of course,
the severity of the runaway resulting from this instability,
loss of charge control, is determined by the current limit of
the charger.

If a sealed nickel-cadmium battery is to be subjected to a
constant voltage source (CP charging) during overcharge,
rather than a current source, it is imperative that such
voltage source be automatically adjusted as a function of
battery temperature, not ambient temperature. The appro-
priate adjustment can be determined from the Tafel curves
of Figure 3-8. The adjustment coefficient typically used is
—3mV per degree C per cell. Even with such automatic
modification of charging voltage in response to battery
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temperature, the designer will want to consider the follow-
ing points regarding sealed nickel-cadmium CP charging
systems:

1. Because of the implicit voltage limit, a CP system may,
for some cell designs, be slow in providing capacity re-
covery after battery storage. This can be improved, how-
ever, by incorporating a provision to switch to an accept-
able constant current overcharge rate at some point after
initiation of charging, e.g. following a time delay.

2. The CP system voltage limit must be selected commen-
surate with cell design.

3. There is a tendency for sealed nickel-cadmium overcharge
characteristics to shift during cell life such that CP sys-
tem overcharge current increases as the cell ages. This
would result in increased overcharge temperature with
an associated reduction of battery life. That can be avoided
by switching to a constant current overcharge as men-
tioned in Item 1. above.

3.7.5.2 Voltage Cutoff

The voltage cutoff (VCO) control method uses voltage as
the signal to terminate the fast charge. As shown in Figure
3-40, the voltage cutoff method senses the rise in battery
charging voltage as the battery approaches full charge. When
the voltage rises to the predetermined voltage point, the
charger circuit switches off the fast-charge current.

Normally, a trickle-charge current continues to the bat-
tery once the fast-charge current is terminated. The charger
circuit to accomplish this switching is illustrated by the
block diagram of Figure 3-41. The VCO level must be auto-
matically adjusted because of the temperature dependent
characteristics of the battery charge voltage.

If the cutoff point is not automatically adjusted for cell
temperature, one of the following could occur:

1. Cold Cells in a Cold Ambient— The battery voltage will
reach the normal cutoff voltage point quite early; if the
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Figure 3-41 Voltage Cutoff Control
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cutoff value is not automatically adjusted for cell tem-
perature, the battery will receive only a partial charge
before cutoff.

2. Warm Cells in a Warm Ambient—The battery voltage
depressed by high temperature may never reach the
cutoff voltage point; if the cutoff value is not adjusted
for cell temperature, the battery will continue to charge
at the fast-charge rate, leading to permanent cell dam-
age and a reduction in life.

3.7.5.3 Rate-of-Voltage Change

Rate-of-voltage-change (dV/dt) charge control provides a
means for limiting the amount of overcharge by terminat-
ing fast charging at some point where the voltage begins to
rise prior to Point @ in Zone © of Figure 3-42. The rela-
tively large magnitude of dV/dt of this part of the voltage
profile presents an opportunity for terminating fast charge
prior to the voltage maximum. The dV/dt charge control
system must be designed to ignore the relatively large dV/dt
in Zone ® of the charge voltage characteristic. The sys-
tem may be designed so as not to respond to a dV/dt for
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Figure 3-42 Classic Nickel-Cadmium Fast-Charge Profile
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some initial period or not to respond until the battery volt-
age has exceeded some voltage plateau such as at Point @
in Zone ®.

The ability to terminate fast-charge current on the basis
of dV/dt depends on a reliable and repeatable voltage profile.
In certain circumstances the battery may not always pro-
vide the expected voltage profile and this could result in
the fast-charge current not being cutoff. A backup termi-
nation method is required. A microcomputer chip is techno-
logically the best approach to process the dV/dt signal. An
analog-to-digital (A/D) converter is required to provide a
usable voltage signal to the microcomputer.

3.7.5.4 Inflection Point Cutoff

There is usually an inflection point (d*V/dt? = 0) near the
midpoint of Zone © of Figure 3-42 if the battery has been
fully discharged or nearly fully discharged prior to charg-
ing. Using this feature to accomplish an inflection point
cutoff (IPCO) of fast charge has appeal because that type
of cutoff preceeds the voltage peak, limits the amount of
fast charging as full charge is approached, and requires only
two terminal connections to the battery.

At the inflection point, the second derivative of voltage is
zero. Because a zero value of second derivative is rather
difficult to detect as such, another approach is to sense a
decreasing value of positive dV/dt (d*V/dt? < 0) which oc-
curs just beyond the inflection point. The profile in Zone @
of Figure 3-42 also has a decreasing slope. This complica-
tion requires a charger design that will avoid responding to
the initial decreasing slope by not responding to the inflec-
tion point sensing circuit until (1) after a prescribed time
delay, (2) after a predetermined voltage has been reached or
(3) by following some other enabling procedure.

There are conditions where a battery may not display a
characteristic that will meet the criteria established for fast-
charge cutoff based upon the inflection point. Applying a
fast-charge to a fully charged battery is an example. There-
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fore, a backup (such as —AV in Section 3.7.5.5) cutoff method
is required for this type of fast-charge control.

3.7.5.5 Voltage Decrement Cutoff

As shown in Figure 3-42, a typical battery during fast
charging will exhibit a voltage maximum at the transition
from Zone © to ©, followed by a voltage decrease that is a
result of battery temperature rise. At moderate charging
temperatures the decrease in voltage beyond the peak is
well defined. It can be detected by an analog circuit or a
microcomputer chip which remembers the highest voltage
it has seen and responds to a voltage decrement (—AV)
relative to the maximum. The voltage decrement cutoff
(VDCO) charge control method requires only two terminal
connections. A usable value of voltage decrement typically
yields a termination of the fast-charge process at a point
that is equivalent in battery stress to a ATCO of about
5% to 10°C.

At elevated battery temperatures the negative voltage slope
past the charge voltage peak is reduced, causing the VvDCO
to be delayed relative to normal operating temperatures for
a given —AV detection sensitivity.

This delay is generally not a problem unless the sensitiv-
ity of the control circuit is such as to require a —AV greater
than about —30mV/cell and the charging temperature ex-
ceeds 40°C ambient.

3.7.6 Voltage and Temperature Sensing Control
One of the most reliable fast-charge concepts is the use of both
voltage and temperature signals to sense when the fast charge

current should be terminated. Two concepts using voltage
and temperature of the battery are described below.

3.7.6.1 Yohkage-Temperature Cutoff

The forgoing discussions about temperature-sensing charge
controls (Section 3.7.4) and voltage sensing controls (Sec-
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tion 3.7.5) for fast charging nickel-cadmium batteries iden-
tified some limitations of each control system. A very reliable
fast-charge system is obtained by using both the voltage
and temperature of the battery in an OR logic form to act
as indicators of approaching full charge.

The voltage-temperature cutoff (VTCO) concept provides
for a means of sensing both voltage and temperature. The
charger is designed to monitor battery voltage and the tem-
perature of one or more cells in the battery. Fast-charge
current is terminated when the battery voltage or tempera-
ture exceeds a predetermined level.

The voltage level sensed is typically the entire battery
voltage. The temperature of the battery (or of a cell or num-
ber of cells) is sensed by a temperature sensing device. :
The precise values of these voltage levels and temperature
levels for cutoff depends upon the type of cells in the bat-
tery, the application temperature range and the fast-charge
current. With this control method, both temperature and
voltage values can be set to achieve a high state of charge
before the fast-charge current is terminated, without com-
promising battery life or reliability.

3.7.6.2 Yoltage Limit Temperature Cuioff

Voltage Limit Temperature Cutoff (VLTCO) is simply a var-
iation of VTCO. The VCO function associated with VTCO
avoids hydrogen generation by preventing the battery volt-
age from exceeding a given level. At low temperatures
VTCO can result in premature fast-charge cutoff with con-
sequent decrease in delivered capacity. A voltage limit, as
an alternative to VCO, can provide the same protection
against hydrogen generation in low temperature applica-
tions without resulting in premature cutoff. The voltage
limit, when charging a cold battery, causes a decrease in
charge current until battery temperature increases as full
charge is approached. At that time increasing cell tempera-
ture will cause an increase in charge current, driving the
battery to TCO without having exceeded a critical voltage
along the way. It is imperative, however, that the fast-charge
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current be sufficient to drive the battery temperature to the
TCO level at the lowest required ambient charging temper-
ature or the fast-charge will not be terminated.

With VLTCO control and a given combination of battery
heat transfer characteristic and ambient temperature, it is
possible for battery temperature to stabilize in the fast-
charge mode at a temperature below TCO, even if the fast-
charge current would normally drive the battery tempera-
ture to TCO. This is not a likely event, but as a precaution
the design should be checked for this possibility before the
VLTCO charge control method is implemented.

2

©o

There are a variety of charge methods which are capable of
effectively charging nickel-cadmium sealed cells. These
methods all accomplish the same end: putting enough energy
into the battery to provide the required amount of discharge
energy. The methods differ in the time it takes to accom-
plish the task, the complexity of circuitry used, and the
techniques utilized to provide the charging function in a
safe and reliable manner.
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4.1 GENERAL

4.2 CELL DISCHARGE VOLTAGE PERFORMANCE

4.3 CELL DISCHARGE CAPACITY PERFORMANCE

4.4 SCALING THE DISCHARGE CURVE

4.5 APPLICATION PERFORMANCE AND OTHER
OPERATING CHARACTERISTICS

4.6 CELL DESIGN FACTORS

4.7 SUMMARY

The nickel-cadmium cell is used to store electrical energy.
Its basic function is to make that energy available during
discharge. This chapter will describe the discharge charac-
teristics quantitatively. The electrical discharge perform-
ance characteristics of a cell performing this work are volt-
age and capacity (the integral of current multiplied by time).
The values of these two discharge parameters are func-
tions of a number of application-related factors and this de-
pendence will also be described in this chapter. The gen-
eral shape of the discharge curve, voltage as a function of
capacity (or time), is shown in Figure 4-1. As may be noted
in this figure, the discharge voltage of the nickel-cadmium
cell typically remains relatively constant until most of its
capacity is discharged, and then drops off rather sharply.
This curve, when scaled by considering the effects of all
the application variables, provides a complete description
of the functional performance of a battery.

Differences in the design, internal construction, and the
conditions of actual use of the cell will also affect these
performance characteristics. For example, Figure 4-2 illus-
trates the average (typical) effect of discharge rate.
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The remainder of this chapter will define the discharge
curve in terms which will facilitate the construction of a
complete discharge curve (Voltage vs both Capacity and
Run Time) for any cell (battery) proposed for an applica-
tion, using variables and parameter values appropriate to
that application.

4.1.1 Cell Discharge Performance Measures

The construction of a discharge voltage curve for any set of
operating conditions requires that the curve measurement
term be defined. These are developed as a geometric shape
in Figure 4-3 and then related to the typical discharge volt-
age curve in Figure 4-4.

Figure 4-3 A Geometric Shape

Dimensions which may be used to describe the geomet-
ric shape in Figure 4-3 are the values of & and ®. With the
addition of a value for AY, the figure is completely dimen-
sioned by three values. If AY were always a fixed value, or
even some fixed percentage of ®), only the two values @
and would be necessary in order to convey complete
dimensional information about the figure.
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Figure 4-4 Nickel-Cadmium Discharge Curve

Next, Figure 4-4 illustrates the general shape of the nickel-
cadmium discharge voltage curve. Note that it bears a strong
similarity of shape to Figure 4-3. The ® axis in the previous
figure becomes capacity (or time) and the ® axis becomes
cell voltage.

Just as the value of ®) is the average value of height of
the area in Figure 4-3, the value of Mid-Point Voltage (MPV)
is approximately the average value of discharge voltage for
a nickel-cadmium cell. Just as @ multiplied by is the
area of Figure 4-3, MPV multiplied by cell capacity is the
approximate area (energy) of Figure 4-4. Finally, the three
dimensions of MPV, cell capacity, and AV are all that are
required to approximately dimension the entire nickel-
cadmium discharge curve. By defining the relationship of
these three discharge curve dimensions to each of the dis-
charge conditions, a close approximation of the actual dis-
charge curve may be drawn. This procedure will be de-
scribed in Sections 4.2, 4.3 and 4.4.

As a matter of convenience, the values of MPV, Capac-
ity, and AV, for any set of applied conditions, can be written
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directly on the voltage and capacity scales of Figure 4-4.
This will then become the described discharge curve with-
out the need for redrawing. It will only be necessary to
place numerical values on the voltage and capacity scales.

4.1.2 Cell Capacity Defined

The basic term Capacity simply means an integral of cur-
rent over a defined period of time.

Capacity = f idt
At

The equation may be applied to either charging or discharg-
ing current.

The further definition of particular kinds of capacity is
somewhat arbitrary and requires a variety of adjectives ap-
plied to the basic term. These are introduced in Table 4-1
and then discussed in Section 4.3. It may be helpful to think
of capacity as analogous to the parameter volume. For ex-

Standard Conditions = Laboratory Conditions:
charge/rest/discharge
rates/voltage/temperature

Standard Capacity = Cell capacity measured under standard conditions.
Rated Capacity = The minimum standard capacity.
Actual Capacity = Capacity of a fully charged cell measured under

non-standard conditions except standard end of
discharge voltage (EODV).

Retained Capacity = Capacity remaining after a rest period.
Available Capacity = Capacity delivered prior to a non-standard EODV.
Dischargeable Capacity = Capacity which a cell can detiver before it becomes

fully charged.

TABLE 4-1 Capacity Terminology Defined
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ample, the term volume by itself is simply a cubic spatial
measurement. Volume may be used to mean the cubic space
within a container or it may be the amount of material placed
in the container, or the amount of space left in the con-
tainer remaining to be filled, or it may even mean the amount
of material which can be poured out of the container (for
example, a viscous or partially frozen material which can
not all be poured out). The term cell capacity is used here
in the context of the total amount of capacity which may be
discharged from the cell.

4.2 CELL DISCHARGE VOLTAGE

4.2.1 Mid-Point Voltage

This section describes the voltage (vertical or () dimen-
sion of the discharge curve. Section 4.3 will deal with the
capacity (horizontal or (%)) dimension. This section also de-
scribes the application factors which influence voltage de-
livery. Figure 4-4 illustrates the mid-point voltage (MPV)
as that voltage delivered by the cell at the point when one
half of the total actual cell capacity has been discharged.
MPYV is also shown to be a reasonable approximation of the
average voltage delivered during an entire constant cur-
rent discharge. This approximation allows the discharge
delivered energy to be calculated just as if the discharge
curve were a rectangle (MPV multiplied by cell capacity),
and the results to be determined in watt-hours or watt-
minutes. Energy which is discharged chemically but which
is not delivered to the external circuitry is converted to heat
within the cell. This generated heat results in a tempera-
ture rise in the cell. The amount of cell temperature rise is
dependent on the generation rate, the thermal mass, and
the heat transfer coefficient of the cell.

The remainder of Section 4.2 will describe the methods
by which MPV may be estimated for any combination of
application factors.
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4.2.2 Cell Discharge Equivalent Circuit

Figure 4-5 represents a thévenin equivalent discharge cir-
cuit, which for typical applications can be used to visualize
and understand the performance of the nickel-cadmium
cell during discharge. The actual voltage delivered by the
cell will therefore be approximated by using this analo-
gous technique.

Cp
B
‘v‘v‘v ,‘ ‘—0 A
A
AN
A A A
S Ry CELL
TERMINALS
R
Re
-0 V
Eo = effective cell no-load voltage
Re = (Rh + Rd) = total effective internal resistance
Rh = effective instantaneous resistance
Rd = effective delayed resistance
Cp = effective parallel capacitance
E = cell terminal voltage

Figure 4-5 Nickel-Cadmium Cell Equivalent Discharge Circuit

The values of voltage and resistance are not constant at
their standard condition values but are functions of a vari-
ety of application variables such as state of discharge, cell
temperature, and cell use history. Discussions in Sections
4.2.3 and 4.2.4 will describe how these application variables
influence the values of effective cell no-load or open circuit
voltage (E,) and effective cell internal resistance (R.) and
through them the actual discharge terminal voltage deliv-
ered by the cell.
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The average cell discharge voltage, illustrated in Figure
4-4, can be defined using the discharge equivalent circuit
described above. The extended term, or steady-state, dis-
charge voltage was shown to be:

E=E, - IR,

At the midpoint of the discharge curve, where E, = MPV,,
this equation becomes:

MPV = MPV, — IR,

The equivalent circuit is presented only as an aid to assist
in explaining the voltage delivery behavior. The electrical
values of effective no-load voltage (E,), effective cell inter-
nal resistance (R,), and effective capacitance (C,) are used,
not necessarily because they are physically present in the
cell as lumped values but because the cell performs approx-
imately as though they are.

et

Effective steady-state internal cell resistance R, is com-
posed of two resistive components in series, R;, and Ry. Dur-
ing the initial few seconds of discharge, the delivered cell
voltage drops rapidly from the initial level determined only
by Ry, to the extended time steady-state discharge level
(R + Ry) which is the total effective internal resistance
R., as shown in Figure 4-6. The practical result of using
the equivalent circuit approach, with its values of E, and
R,, is illustrated in Figure 4-7. On this chart the discharge
terminal voltage response of a representative cell is plotted
as a function of load discharge current. The equation of
this load line is (E = E, — IR,) for the normal case of
extended term, steady-state, discharge.

4.2.2.2 Dynamic Transient Response

Due to the relatively short duration of the dynamic tran-
sient response it can simply be ignored in most applica-
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Figure 4-7 Nickel-Cadmium Discharge Load Regulation Lines

tions. When the load switch is closed the voltage response
is initiated on the upper load regulation line of Figure 4-7
and then rapidly transfers exponentially (time constant =
C, X Ry) to the steady-state load regulation line. This trans-
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fer occurs as the effective capacitor is charged. The reverse
effect occurs when the load is suddenly reduced or termi-
nated. The equation of the load line for a discharge pulse of
very short duration is thus (E = E, — IRy,). Typical values
for Ry, as a fraction of R, range from 25 to 75 percent,
depending primarily on the design of the cell.

The combination of the parallel portion of the resistance
(R4) and the effective capacitance (C,) has a time constant
of approximately one to three percent of the cell discharge
time, varying somewhat with cell temperature and discharge
rate. Typical values for this time constant become shorter
as the discharge rate is increased and longer as the cell
temperature is decreased.

For very short discharge periods (pulses), Ry C, can al-
most be ignored. The effective internal resistance, consid-
ered to consist only of Ry, causes an instantaneous drop in
discharge voltage when the load switch is closed and an
instantaneous rise in voltage when the load switch is opened.
These effects were illustrated in Figure 4-6. For repetitive
discharge pulses, the amount of average voltage drop de-
pends approximately on the steady-state resistance (R.) mul-
tiplied by the average current. The average current may be
calculated by multiplying the current during the ON pulses
by their duty cycle. The actual voltage oscillates above and
below this average value.

The value of R,, for any particular cell, is influenced by the
value of several application variables. The most important
of these are cell temperature during discharge, the amount
of capacity already discharged, and the history (age and
previous use) of the cell.

>
9
J

1.2.3.1 R. as a Function of Cell Discharge Temperature

=5

b

]

The effective internal resistance, (R.), changes with cell
temperature. The resistance is at a minimum at cell tem-
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Figure 4-8 Effect of Cell Discharge Temperature on Resistance— R,

peratures between 20° and 40°C. Below 20°C, the R, be-
gins to rise as shown in Figure 4-8, primarily due to the
difficulty of ionic flow through the increasingly viscous elec-
trolyte of the cell.

4.2.3.2 R, as a Function of State of Discharge

Effective internal resistance also depends on the percent-
age of the capacity of the cell which remains to be dis-
charged, as shown in Figure 4-9. The amount of capacity
that has been discharged from the cell is expressed on the
horizontal or (® axis as a percentage of the total actual ca-
pacity which the cell is capable of delivering under the pre-
vailing operating conditions and environment. As may be
seen from the graph, R, remains a rather stable value for
the major portion of the total discharge period. For a short
period at the beginning of the discharge, the effective re-
sistance is quite difficult to measure accurately and thus is
indicated as being somewhat variable.

Since the variations of E, during discharge are approxi-

mately linear and also relatively small, the typical nickel-
cadmium discharge voltage curve shape may be seen as
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Figure 4-9 Effect of State of Discharge on Resistance—R.

almost a mirror image of the curve of R, as a function of
discharged capacity shown in Figure 4-9. The discharge
voltage of nickel-cadmium cells remains relatively flat, sub-
ject primarily to a slowly decreasing value of E,, through-
out most of the discharge period. Toward the end of dis-
charge the significant increase in the effective internal cell
resistance (R.) is the principal cause of the steep decrease
in discharge voltage. This increase in R, is the result of
having converted most of the available active material to
the lower valence state, thus making the ionic conduction
path to access the remaining unconverted material more
and more tortuous.

The value of R, near the midpoint, 50 percent on Figure
4-9, is relatively constant and therefore insensitive to errors
in locating the midpoint. This fact is later utilized in de-
signing the R, measurement procedure and minimizes R,
measurement errors.

4.2.3.3 R. as a Function of History of Use and Cell Design

Changes in the R, characteristic of a particular cell also
occur with the long-term use of the cell, its history. The
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4.2.4.1 E, as a Funclion of Cell Discharge Temperature

Although the overcharge voltage of a nickel-cadmium cell
has a relatively linear relationship to cell temperature dur-
ing overcharge, as may be seen in Section 3.4.1, the effec-
tive no-load voltage is not influenced in the same way by
the cell temperature during discharge. While E, at the mid-
point of the discharge curve (MPV,), at all cell tempera-
tures above 20°C, changes only slightly, the value of MPV,
decreases at negative temperatures as shown in Figure 4-10.
The total decrease in discharge voltage at low cell tempera-
tures therefore is the result of this change in MPV, in addi-
tion to significant increases in the value of R, at low cell
temperature (shown in Figure 4-8).

MPV_ (mV)

1
+23

TEMPERATURE (°C)

Figure 4-10 Effect of Cell Discharge Temperature on Voltage— MPYV,

4.2.4.2 E, as a Function of the State of Discharge

E,, the effective open-circuit cell voltage, also varies mod-
erately during the discharge process as a function of the
state of charge of the cell.

The effect which the amount of discharge of a cell has
on the value of E, is shown in Figure 4-11. This figure shows
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Figure 4-11 Effect of State of Discharge on Voltage—E,

the typical effective no-load voltage of a sealed nickel-
cadmium cell at 23°C as a function of the amount of capac-
ity discharged from the cell. As Figure 4-11 shows, the ef-
fective open circuit voltage remains relatively flat throughout
most of the discharge period, with an approximately linear
100 mV drop from fully charged to fully discharged. The
dashed line @ - ®in the figure describes this gradual de-
crease in E,, and is the principal AV effect in Figure 4-4.

These no-load voltage effects may be but a small part of
the total effect on the discharge voltage. The more significant
effect on discharge voltage, particularly in high rate dis-
charge, is caused by the effective internal resistance of the
cell, particularly as the end of a discharge is approached
and in high discharge current applications.

4.2.5 Summary of Yoltage Effects

For a review of the various terms and effects on voltage
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vV = I(EO. I, Re)
Where: EO = fiTemperature: State of Discharge)
Re = f(Temperature; State of Discharge)

However for midpoint only MF’Vo = KTemperature)
MPF%e = f(Temperature)

Figure 4-12 Summary of Effects on Voltage

delivery, refer to the exaggerated curve of Figure 4-12 and
the accompanying equations. Voltage delivered is a func-
tion of discharge current and two cell variables—the equiv-
alent open circuit voltage (E,) and the effective internal
resistance (R,.). The curve of Figure 4-12 shows the effect
of state of discharge on both E, and R..

The principal load regulation voltage loss is a function
only of discharge rate and R, as was described in Figure
4-7. R, is in turn dependent on cell design and cell dis-
charge temperature, as in Figure 4-8.

The average no-load supply voltage MPV, is relatively
independent of operating variables except for the effect of
low cell temperature which is shown in Figure 4-10. Ex-
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cept for the illustrated effect of cell temperature on MPV,,
E, is dependent only on discharged capacity. That relation-
ship is relatively independent of other operating variables.
This state of discharge effect may be approximated as a
nearly linear = 50 mV relative to MPV, over the 100 per-
rcent range of actual capacity of the cell.

The two deviations shown as shaded areas, from the
straight line @ - ® of Figure 4-12, are the transient result of
R4 and C, at the beginning of the curve and the rapidly
increasing R, as a function of the depleting state of charge
at the ending of the discharge curve; also contributing to
the initial transient is the depletion of electrode surface
charge which occurs at the beginning of discharge of a fully
charged cell. Some valance shift may also be accounted for.
The effect of Ry and C, reappears of course if the load is
removed and then reapplied. Other than these two devia-
tions from the straight line, it may be seen that discharge
rates and low cell discharge temperatures are the only ap-
plication parameters having significant effects on the dis-
charge voltage. Both of these effects may be conveniently
calculated, as they will be in Section 4.4.

4.3 CELL DISCHARGE CARPACITY
PERFORMANCE

1 Cell Capacity Definitions and Ratings

This section describes the capacity (horizontal &) dimen-
sion of the discharge curve (Figures 4-3 and 4-4) as well as
the adjectives which are required in order to differentiate
the variety of possible meanings of capacity.

The term capacity is used in battery technology to de-
scribe a number of different Coulombic (ampere hour) quan-
tities. Therefore there is a need to define several kinds of
capacity in order to have meaningful numerical values used
in measured, specified, and calculated capacities.

Cell capacity always indicates the relative amount of en-
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ergy that the fully charged cell is capable of storing and
then delivering to the electrical load. Cell capacity is de-
fined in units of ampere-hours (milliampere-hours, ampere-
minutes, or other units of current multiplied by time) but
can conveniently be related to volt-ampere-minutes, watt-
hours, or some similar measurement of energy, by multi-
plying the ampere-hours by the average delivered volt-
age (MPV).

The description of cell capacity under a variety of ap-
plied conditions requires the use of numerical values. It is
therefore necessary to outline certain specific definitions of
capacity which are used to describe the effects of the vari-
ous factors which influence that cell capacity.

Standard cell capacity is a measure of the total capac-
ity capable of being stored and discharged in a rela-
tively new production cell under a defined standard
set of applied conditions. These conditions include cell
7 temperature, rate and time of charge, rest time, and
rate of discharge along with a defined end-of-discharge
voltage. Standard cell capacity assumes that the cell
is fully charged at standard cell temperature, at the
General Electric cell specification rate, and that it is
discharged at the same standard cell temperature at a

9
(o]
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RATED AVERAGE MAXIMUM
CAPACITY CAPACITY CAPACITY

Figure 4-13 Statistical Distribution of Standard Cell Capacity

4-18 GENERAL @‘EEECTNG



Discharge

specified standard discharge rate to a specified stan-
dard end-of-discharge voltage (EODV). The value of
standard cell capacity may lie anywhere within the
statistical distribution of capacity as manufactured. Such
a distribution is illustrated in Figure 4-13.

Unless otherwise stated, standard conditions are assumed
in this Handbook.

When any of the applied conditions differ from standard,
the capacity of the cell may be influenced. A new term,
which is titled actual cell capacity (for actual conditions), is
used for all nonstandard conditions which alter the amount
of capacity which the fully charged new cell is capable of
delivering when fully discharged to a standard EODV.

That portion of actual cell capacity which can be deliv-
ered by the fully charged new cell to some nonstandard
end-of-discharge voltage is called available cell capacity.

Cells are rated at standard specified values of discharge
rate and the other applied conditions. Rated cell capacity
(C) for each General Electric cell type is defined as the
minimum standard capacity to be expected from that cell.
Rated cell capacity is always a single specific designated
value for each cell model (type, size and design), as con-
trasted with the statistically distributed values for all other
defined capacities. The rated value must also be accompa-
nied by the hour-rate of discharge upon which the rating is
based (e.g. 1 hr, 5 hr, 10 hr, 20 hr, etc). The rated capacity
for each General Electric cell type is designated in the
appendix specification section.

The General Electric process for the manufacture of
nickel-cadmium cells produces a comparatively tight spread
in the overall distribution of standard capacity. A represen-
tative distribution of capacity is shown in Figure 4-13. The
distribution may be truncated if any cells with capacity less
than rated have been removed from the population.

The distribution of Figure 4-13 refers to single cell capac-
ity and NOT multicell battery capacity. The capacity of any
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multicell battery is always determined by the lowest ca-
pacity cell in the battery. The distribution of battery capac-
ity, therefore, has the same minimum value as in Figure
4-13 (rated capacity), but its maximum capacity may be
somewhat reduced. This reduction will depend on the num-
ber of cells in the battery and the width (statistical vari-
ance) of the capacity distribution of the particular popula-
tion of cells from which batteries are actually constructed.
For example, if batteries were constructed using only iden-
tical capacity cells within each battery, the distribution of
battery capacity would be the same as the distribution of
cell capacity. For further explanation of the effects of cell
capacity distribution on battery capacity, see Section 4.5.

After the battery is stored for a period of time following a
full charge, the reduced capacity which the new cell still
retains, and which can be discharged, is called retained
capacity. (See Section 4.3.4 for explanation and discussion
of this term.)

Table 4-2 summarizes the specific conditions for each of
the capacities defined above.

T )
\ Conditions : Charging § Resting ! Discharging
Capacity - | Cell Rate Amount(4 | Ambient Time § Cell Rate EODV (3)
Terminology \"<\j Temp H Temp : Temp
Standard Conditions $ 23C 0.1C 20 hr Min, 3 23°C Minimum '@ 23°C 1C 0.9v
i :
$ k
Standard Cell Capacity (1) : 23°C 0.1C 20 hr Min. 23°C Minimum 23°C 1Cc 0.9V
Rated Cell Capacity ) ¢ 23°C 0.1C 20 hr Min. . 23°C Minimum 23°C iCc 0.9v
Actual Cell Capacity @ @ Fully Charged ° @ Minimum @ @ 0.75MPV (3}
Retained Gell Capacity @ @ Fully Charged , @ @ : @ @ 0.75MPYV (3}
Available Cell Capacity @ ‘@ Fully Charged _i_ @ Minimum * @ @ @
Dischargeable Capacity @ @ @ u @ Minimum :  23°C iC 0.9v
i j

Battery Capacity is approximately equal to the capacity of the minimum capacity cell in the battery when that cell is
discharged to zero volts.

Notes: (1) - Standard Cell Capacity = Actual Capacity of a particular production cell under Standard conditions.
Characteristically ranges from 100 to 130% of Rated Capacity.
{2) - Rated Cell Capacity = Minimum Standard Cell Capacity = C
See the General Electric Specification sheet for the value of C assigned to each cell
design.
{3) - EODV = End of Discharge V%Itage;
MPV = Mid Point Voltage
(4) - The amount of charge required for the measurement of Celi Capacity, is Full Charge into overcharge. (Zone 4,
Figure 3-1, Paragraph 3.4).
2.0C Ahrs (20 hours at the 0.1C rate} at 23°C, is required to insure that a cell with maximum Standard Cell
Capacity is fully charged.
2.4 C Ahrs (24 hours at 0.1C rate) at 23°C, is required on initial charge or after extended storage —
(Reference Chapter 5).

(@) = Any specified \}alue of a test candition other than a Standard value.

Table 4-2 Capacity Terms Defined
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4.3.2 Measurement of Fully Charged Capacity

The capacity of a cell, or battery, is normally measured by
completely discharging it while integrating the current over
the period of the discharge. Variations in the capacity meas-
urement procedure can result in data inconsistencies.

One method of measuring capacity is to discharge the
cell with a constant current load. The load circuit is ad-
justed to maintain a constant discharge current as the cell
voltage declines. Recording cell voltage on a time recorder
results in the discharge curve of Figure 4-4. Calculation of
discharged cell capacity is thus only a multiplication of the
time needed to reach the specified EODV times the value
of constant current. An added refinement is the simultane-
ous use of a current integrator. General Electric experience
has shown that use of a current integrator can significantly
improve the accuracy compared to manual integration. Main-
taining the constant current load by introducing a series
aiding power supply with automatic constant-current con-
trol is also convenient and may further enhance the measure-
ment accuracy.

The least accurate method of measuring capacity is to
place a fixed resistance load across the cell terminals and
monitor the voltage as a function of time as the cell dis-
charges. With a fixed resistance, the current decreases as
the cell voltage declines. A recorder is used to record this
voltage. The discharge recording of variable voltage and
current is then manually integrated over time to calculate
the discharged capacity. Unfortunately, the value of the rate
of discharge current upon which actual cell capacity de-
pends is not a fixed value in this method of measurement
and thus the results can be quite difficult to associate with
a generalized applied condition.

The value of measured cell capacity depends also on the
end-of-discharge voltage (EODV) used in the measurement.
An EODV of 0.9 V for 1C rate discharges is typically used.
Although some single cell 1C rate applications will not nec-
essarily function down to this voltage, higher values of
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EODV, when used in measurement procedures, may in-
crease the inaccuracy of the results. For EODV’s, in the
flatter partion of the curve for example, small errors in meas-
ured voltage can result in significant errors in the time (ca-
pacity) to termination of the discharge. Definitions of
standard 1C rate cell capacity used in this Handbook are
based on a discharge at a constant current to a cell EODV
of 0.9V (0.75 X 1.2V).

Because some off-standard conditions, such as high dis-
charge rates and/or low cell temperature, will significantly
reduce the average voltage delivered by the cell, an EODV
of 0.75 multiplied by MPV is used in order to permit the
desired independent consideration of cell capacity and de-
livered voltage. This form of EODYV designation defines
the minimum useful voltage for any load in terms of the
average voltage (MPV) being used by that load and for which
the load device is designed. Other values of cell EODV and
their effects are discussed in Section 4.5.4.1. See the dis-
cussion of battery discharge cutoff voltage in Section 4.5.4.2.

£.3.9 Actual Cell Capacity at Off-Standard Conditions

Standard cell capacity is the total actual cell capacity of a
particular individual cell under standard conditions of charge,
rest, and discharge. Standard cell capacity typically ranges
from 100 to 130 percent of the specified rated value (mini-
mum). Actual cell capacity is the capacity of that same in-
dividual cell when the conditions under which the cell is
charged and discharged differ from standard conditions. The
difference between standard and actual cell capacity of any
particular cell results from the effects of variations from
standard conditions of 1) cell temperature during charge, 2)
charge rate, 3) cell temperature during discharge, and 4)
discharge rate.

The effects of each of these off-standard conditions are
defined in terms of the amount of derating of standard cell
capacity which is required in order to arrive at a value for
actual cell capacity. The most conservative estimate to be
used for the initial value for standard capacity is the rated

4-22 GENERAL &5 ELECTRIC



Discharge

minimum capacity. Either that value or the more liberal
typical or average standard value may be used to initiate
the derating procedure for actual capacity.

4.3.3.1 Charging Conditions

Both cell temperature during charge and the amount of
charging (capacity input) have an impact on the capacity
which the cell is capable of discharging. These differences
can be defined by using the following variables:

¢ Charge Temperature (°C)
e Charge Rate (A)
® Charge Time (hr)

Elevating the charge temperature of the cell influences
the charge behavior in two ways, as discussed in Section
3.2.1. First, increasing the temperature of the cell on charge
will result in requiring significantly more charge input for
the cell to reach its full charge condition, and thus to achieve
the maximum energy storage capability that is its actual
capacity at that elevated cell temperature.

Second, in addition to the increased amount of charge
input required to achieve full charge, the increased cell
temperature reduces the actual cell capacity below the stan-
dard capacity value. This is true even though the cell is
fully charged at those elevated cell temperatures—for ex-
ample 72 hours or more at C/10-rate at 48°C. Assuming
that the cell is fully charged for measurement purposes,
the effect of cell temperature during charge on actual ca-
pacity is shown in Figure 4-14,

Although actual cell capacity is not affected by charge
temperatures below 23°C, control must be exercised to de-
crease the charge current below the standard rated value
when operating Standard and Quick-Charge cells at cell
temperatures below 0 and 10°C respectively. See Figure
3-21 and the individual cell specification sheet for the al-
lowable value of charge current, as a function of cell tem-
perature, which will result in a cell pressure low enough to
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Figure 4-14 Effect of Cell Charge Temperature on Actual Capacity

prevent the cell from venting, and which may still reliably
charge the cell.

The effect of charge rate (standard and quick) on actual
cell capacity is relatively negligible as long as the cell reaches
overcharge and the charge rate is within the cell specifica-
tions. Values of charge rates below the minimum cell speci-
fication rate, even if the cell reaches overcharge, may re-
sult in lowering the value of actual cell capacity. On the
other hand, fast charge rates, which must be terminated
prior to any significant amount of overcharge to avoid cell
damage, may produce actual cell capacities which are
modestly greater than 100 percent of standard. (See Chap-
ter 3 for a discussion of the effects of fast charging.)

4.3.3.3 Rest Temperature and Time

Cell temperature, during a minimal rest period between
charge and discharge, has a negligible effect on the value
of actual cell capacity. However, increasing the rest tempera-
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ture speeds up the process of self discharde which, if the
rest period is lengthy, results in a reduction of the capacity
retained by the cell and, hence, available for discharge. This
subject is discussed in detail in Section 4.3.4. See also the
discussion of the effect of cell discharge temperature in Sec-
tion 4.3.3.5.

4.3.3.4 Discharge Rale

The influence of discharge rate on actual cell capacity re-
sults from the increasing difficulties inherent in electro-
Iyte mass transport and electrode reactions as the current
density is increased. This influence of rate on actual cell
capacity, at standard temperatures and at rates of discharge
up to approximately 0.25C, is insignificant. The relation-
ship between discharge rate and cell capacity at discharge
rates above this value is semilogarithmic with increasing
rate as shown in Figure 4-15. Increasing the discharge rate
also increases the internal voltage loss of the cell and re-
duces the output voltage, as discussed in Section 4.2. These
voltage losses are indicative of the internal dissipation of | ;
some of the stored energy. The reduced capacity at increased .. .|
discharge rates, however, simply reflects a reduction in the

amount of charge which is available at these increased rates.

The energy represented by the capacity that is not discharge-

able at those higher rates is not lost or dissipated. It simply

remains in the cell where it could be discharged at lower rates.

& 100%f— — — — — — — —

ACTUAL CELL
CAPACITY
(% OF STANDARD:

!
1
1
!

0.1c C
DISCHARGE RATE
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4.3.3.5 Cell Discharge Temperature

Low cell temperature during discharge has an effect upon
actual cell capacity and that relationship is shown in Fig-
ure 4-16.

ACTUAL CAPACITY
(% OF STANDARD)

i
23
CELL TEMPERATURE DURING DISCHARGE (°C)

Figure 4-16 Effect of Cell Discharge Temperature on Actual Capacity

=

n

5 Simultaneous M

An estimate of actual cell capacity may be made in those
instances where several of the above charge and discharge
conditions are off-standard at the same time. Since the fac-
tors are reasonably independent of each other, the estimated
value of actual capacity may be arrived at by multiplying
the various effects together. For example, 90 percent due to
high discharge rate multiplied by 80 percent due to high
charge temperature yields an estimated actual cell capacity
of 72 percent of standard when both conditions are present.

For some cases, however, which are not totally indepen-
dent combinations of off-standard conditions, an additional
effect of compounding must be considered. For example,
assume that a derating for a cell temperature of —20°C at
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the standard 1C rate of discharge is 65 percent, and the
derating for a 5C discharge at the standard cell tempera-
ture of +23°C is 84 percent. The combined effect of 5C
and —23°C is not the liriearly calculated 55 percent (65 per-
cent multiplied by 84 percent) as might be expected, but a
more likely compounded 35 percent. Application assistarice
should be requested early for application condition combi-
nations significantly off standard.

4.3.4 Retained Capacity

Capacity retention is a measure of the ability of a battery to
retain its stored energy during an extended open circuit
rest period. The capacity retained is a function of the length
of time of the rest period, the cell temperature during the
rest period, and the previous history of the cell. Capacity
retention characteristics are also influenced by the design
of the cell. Nickel-cadmium cells are manufactured utiliz-
ing a variety of electrode formulation processes. Each pro-
cess is unique and electrodes made from each of these
processes may possess different capacity retention charac-
teristics. Other cell design parameters such as electrode spac-
ing, electrode surface area, and separator, also play a role in
the capacity retention capability of a cell.

The term used to describe the decay of retained capacity
is self discharge. The rate of self discharge of any particu-
lar cell design is a function of the amount of retained ca-
pacity and is dependent on cell temperature.

Figure 4-17 illustrates the typical retained capacity of a
nickel-cadmium cell, as functions of storage time and
cell storage temperature, in terms of a percent of the origi-
nal actual capacity stored in the cell at the beginning of a
rest period.

The normal process of self discharge is the result of two
electrochemical mechanisms:

A) The charged nickel hydroxide oxidizes water at elec-
trode sites having low oxygen overvoltages. The oxy-
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Figure 4-17 Retained Capacity

gen so generated diffuses to the cadmium electrode,
where it is reduced by cadmium. The net result is a loss
of charge at both electrodes.

B) The second electrochemical mechanism causing self dis-
charge is parasitic side reactions. The best examples in
sealed nickel-cadmium cells are the reactions due to
the naturally occurring process nitrates. The nitrate ions
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are reduced to ammonia at the cadmium electrode. They
subsequently diffuse to the positive nickel-hydroxide
electrode where they are oxidized back to nitrate ions.
This nitrate shuttle cycle continues until one or both
electrodes are fully discharged. With the passage of time
and the use of the cell, some of the ammonia is oxidized
to nitrogen and the self discharge rate is reduced, thereby
improving the retained capacity characteristics of the cell.

It is for this latter reason that measurement of the retained
capacity performance of nickel-cadmium cells should be
undertaken after the evaluation of other characteristics of
importance. The resulting measurement will be more rep-
resentative of the real use of the cell as well as more repeat-
able and accurate.

4.3.4.1 Poor Capacity Retention

In addition to the normal electrochemical mechanisms de-
scribed above, poor capacity retention may also be one symp-
tom of approaching end of life. The abnormal mechanism
in this instance, however, is ohmic in form and is the result
of one or more conductive paths between the current col-
lectors of the positive and negative electrodes. This phe-
nomenon may be visualized as a continuous resistive load
on the cell and is further discussed in Section 4.3.4.2 and
5.1. The symptoms thus differ from the results of the elec-
trochemical activities (A) and (B) above, in that the rate of
self discharge is not cell temperature dependent. In addi-
tion, since it is a function only of cell voltage, not of electro-
chemical charge, the process will continue unabated all the
way to an open circuit voltage of zero.

4.3.4.2 Relained Capacity Calculation

The rate of self discharge due to both above (A) and (B)
factors of electrochemical discharge is a function of the
amount of capacity (charge) remaining in the cell and there-
fore tends to be exponential in form. Thus, when both the
charge in the cell and the self discharge rate approach zero,
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the rate of decay in cell voltage also approaches zero and
tends to remain in the 1.0 to 1.1 volt region for an extended
period of time. Since these self discharge mechanisms are
the result of electrochemical reactions, they are also accel-
erated by increasing the temperature of the cell. This rate/
cell temperature relationship is an Arrhenius function in
which the logarithm of the self discharge time constant de-
creases linearly with the reciprocal of the increasing cell
temperature, which is expressed in absolute degrees Kelvin.

The equation for the normal capacity retention function is:
(Cr/Cy) = €7V

Where: Cg is the retained capacity
C, is the actual or initial capacity
tc is time constant in days (to 36.8% of C,)
t is the open circuit rest time in days

In order to encompass the completely general case of ca-
pacity retention, a second term may be added to the expo-
nential equation to make it:

(Cr/Ca) = [ € V1 — [t/t]

Where: t,is the number of days to 100 percent deplete.
the charge through an existing shunt resistance

The shunt resistance may be either internal or external,
such as an actual applied load. This equation is useful for
calculating the capacity remaining in a very low-rate, long-
term discharge.

I
s

1.4 SCALING THE DISCHARGE CURVE

Reviewing the capacity and voltage discussions in Sections
4.2 and 4.3, that information may now be applied to actually
place voltage and capacity values on the curve of Figure
4-4. The redrawn curve, with voltage and capacity scales,
appears in Figure 4-18.

The procedure for arriving at values for these scales for
use in Figure 4-19 is as follows:
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Figure 4-18 Nickel-Cadmium Cell Discharge Curve

CAPACITY

1)
2)

Record Rated Capacity C from the specification sheet.

From the specification section determine the magni-

tude of reductions/increases of cell capacity due to:

a) Effect of Cell Charge Temperature on Actual Ca-
pacity (refer to Figure 4-14)

b) Discharge Rate (refer to Figure 4-15)

c) Cell Discharge Temperature (refer to Figure 4-16).

Multiply C by the derating factors listed in 2a, 2b, and
2c¢ to arrive at a value € for the minimum 100 per-
cent actual cell capacity value in ampere-hours. (See
Section 4.3.3.6 for a discussion of nonlinear effects.)

Divide the selected value of actual capacity by the
discharge rate to arrive at the corresponding 100 per-
cent value of discharge time ().

Because the Rated C value was used in Step 1 above,
the values along the abscissa are representative of the
minimum capacity cell from the manufacturing dis-
tribution. If a more typical or average representation
is desired, the capacity and time scales may be in-
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creased to represent the cell of average capacity in
Figure 4-13.

The described capacity distribution pertains to cell
capacity and not to multicell battery capacity. The dis-
tribution of battery capacity has a similar minimum
but with a reduced distribution range, thus lowering
the average. This effect is further described in Section
4.3.1 and 4.5.

If necessary, determine the retained portion of actual
capacity by use of the capacity retention percentage
in the retained capacity graph in the appendix speci-
fication section corresponding to Figure 4-17.

1)
2)

4-32

Determine the value of R, from the specification sheet.

Using cell discharge temperature, and curves in the

appendix specification section determine:

a) Effect of Cell Discharge Temperature on Voltage —
MPV, (refer to Figure 4-10)

b) Effect of Cell Discharge Temperature on Resis-
tance—R, (refer to Figure 4-8)

c) Mid-Point R, = Rated R, multiplied by (b) above.

Calculate the cell midpoint voltage from the discharge
current and the value of R, as:

MPV = (MPV, — IR.) millivolts per cell.

Calculate the other values for the cell voltage scale’as
indicated on the graph.

Multiply the values on the cell voltage scale in (4) by
the number of cells (N) to arrive at the values for the
scale of equivalent battery voltage. Care must be ob-
served, however, to consider also the resistance of
interconnections and final terminations. If these con-
nections are welded, their effect may well be ignored.
Pressure connections, on the other hand, may cause
extreme variability in voltage performance of even low
rate discharges.
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THE RESULT

By placing these values of actual capacity, discharge time,
cell and battery voltage, in their proper position on the Uni-
versal Discharge Curve in the specification section (refer
to Figure 4-19), a graph of the actual operating voltage ver-
sus discharged capacity and time will be produced. This
graph will thus be a reasonable approximation of the dis-
charge voltage curve to be expected from a relatively new
(small amount of use history) battery at the set of operating
conditions described.

2 CTRMPY + 150 mv FACTORS FOR CALCULATIONS
: Discharge Voltage Effects
{due 7o cell discharge temp)
— -MPV — 150 mv ) e, v
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Figure 4-19 Universal Discharge Curve
Cell/Battery Voltage vs Discharge Actual Capacity & Run Time

The performance of the cell and battery is of course de-
pendent on its state of health in addition to the immediate
environment or application factors considered in Sections
4.2 and 4.3. The performance which was scaled in Section
4.4 is predicated on a cell in the as new condition. A num-
ber of factors associated with the design of the end-product
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and its actual use constitute the environment history of the
cell. This history will perhaps change the characteristics of
the cell over an extended period of time in use. These issues
may all be grouped under the general heading of cell his-
tory—the electrical and mechanical environments which
have been applied to the cell during its lifetime.

Some of the possible historical events which may pro-
duce a variety of performance degrading effects relative to
Figure 4-19 are as follows:

Repeated cell polarity reversal
Excessive charge/overcharge rates
High overcharge cell temperature
High discharge cutoff voltage
Normal cell wear out

When a multicell battery is discharged completely, even
small differences in the actual capacity of individual cells
inherently cause one cell to reach complete discharge sooner
than the rest. It is the actual capacity of this lowest capac-
ity cell, the minimum capacity cell of the battery, which
thus determines the actual battery capacity.

Continuation of the discharge after this lowest capacity
cell has reached zero volts will cause reversal of the termi-
nal voltage of that cell, because the cells of the battery are
connected in series. As the cell polarity is reversed beyond
a negative 0.2 volts it begins to generate gas internally. Gen-
erally, in a sealed nickel-cadmium cell the electrode which
is reversed first will be the nickel electrode, in which case
hydrogen will be generated. The sealed nickel-cadmium
cell is capable of only very slow dissipation of hydrogen
gas. It also has a very limited amount of gas storage vol-
ume. Thus, frequent and/or extensive reversal will lead to
elevated cell pressure sufficient to open the resealable safety
vent. This is the reason for avoiding or minimizing applica-
tion conditions which lead to repetitive or extensive cell
reversal. Such applications may lead to venting which, if
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Figure 4-20 Nickel-Cadmium Cell Polarity Reversal Voltages

repeated and/or extensive, will eventually degrade the per-
formance of the sealed cell.

The general shape of the cell voltage curve during dis-
charge into polarity reversal is shown in Figure 4-20. The
magnitude of the negative voltage appearing on the polar-
ity reversed cell is dependent on the discharge rate as well
as cell design and manufacturing process parameters.

General Electric cells are designed and manufactured to
resist adverse effects of cell reversal caused by the deep
discharging of a multi-cell battery. Batteries of low cell count
that are fully charged between cycles normally possess in-
sufficient capacity differences to generate any significant
permanent damage resulting from extending the discharge
of the battery to a low end-of-discharge voltage.

The important point, relative to the detrimental effects of
cell reversal, is that these are cumulative effects. They are
dependent on both the depth (Ah) in reverse and the fre-
quency of cell reversal. The depth of reversal is in turn
dependent on the EODV and the actual capacity differ-
ences between the cells in the battery. The long-range det-
rimental effects on voltage and capacity performance in-
crease with both these factors.
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It is also important to note that the detrimental effects of
reversal are the least when the rates of discharge during
the reversal are the highest. This apparent paradox results
from the fact that cells which experience terminal voltage
reversal during high rate discharge still have significant
amounts of charge remaining in the electrodes. (See Section
4.5.4.4 for cell polarity reversal voltage)

'

Excessive Charge/Overcharge Rates

Chapter 3 dealt with acceptable charge/overcharge rates
as a function of cell temperatures. The inability of the cell
to recombine oxygen as effectively or as rapidly at low cell
temperatures as at higher cell temperatures was discussed.
A charge rate which is acceptable in an application at nor-
mal cell temperatures and use conditions may become unac-
ceptably high if the product is then exposed to unusually
low cell temperatures. Overcharge, while the cell tempera-
ture is below its specified charge temperature limit, may
i generate hydrogen. The long-term effects of excessive over-
! charge rates at low cell temperature are similar to those of
1 cell reversal described in Section 4.5.1 and may result in
venting of either hydrogen or oxygen or both. This abusive
treatment results in loss of water from the electrolyte and
eventual degradation of performance, both voltage and ca-
pacity. Low cell temperature charging is discussed in Sec-
tion 3.6.5 and the effects of abusive charging on cell life are
treated in Section 5.3.1.

4.5.3 VYoliage Depression

The effects of elevated charge temperature on the immedi-
ate cycle capacity of the cell have been discussed in Sec-
tion 3.2.1 and 4.3.3.1. Cells exposed to overcharge for very
extended periods of time, particularly at elevated cell tem-
peratures, may develop an additional shortcoming called
voltage depression. This phenomenon is one in which the
cell voltage is depressed approximately 150 mV below the
normally expected values which were calculated on Figure
4-19. This depression affects E, and is independent of dis-
charge rate.
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This depression effect initially appears on the discharge
voltage curve near the end of discharge. With extension of
the overcharge time (non-discharge) of the cell, this de-
pression progresses slowly toward the mid-point and beyond.
Accompanying this effect of depression in the voltage di-
mension of the curve is an actual slight increase in the
capacity dimension as illustrated in Figure 4-21. This de-
pressed voltage effect is an electrically reversible condition
and disappears when the cell is completely discharged and
charged {sometimes called conditioning). It thus appears
only on the first discharge following a very extended over-
charge. It will reappear if the extended overcharge is repeated.

KNEE

DEPRESSED
KNEE

DISCHARGE VOLTAGE

DISCHARGED CAPACITY

Figure 4-21 Effect of Long Term Overcharge at Elevated Temperature

The phenomenon which causes this depressed voltage is
continuous overcharging of the active material of the elec-
trode. The effect is erased by discharging and recharging
that portion of the active material which has experienced
the extensive overcharge. For this reason the depressed volt-
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age effect in the discharged portion of the curve is erased
by the very act of observing it, when the discharge is car-
ried beyond the first knee of the depressed curve. Com-
plete discharge, and subsequent full charge, essentially re-
stores the curve to its normal form.

The reversibility of this effect is probably the very char-
acteristic that gives rise to the misnomer Memory. When
cells are subjected to continuous charge/overcharge, with
only modest discharges (repetitive or otherwise), the revers-
ibility of the effect actually prevents the voltage depression
from occuring in that portion of the electrode active material
which is cycled. The voltage depression phenomenon is,
however, not erased from that portion of the electrode ma-
terial which has been subjected to continuous overcharge
but NOT discharged. In this situation, whenever the cell is
discharged deeper than recent previous discharges and
reaches the beginning of the previously uncycled material,
the voltage may decrease 150 mV per cell. This misleads
the observer into believing that the discharge is at the knee
of the normal discharge curve and erroneously concluding
that the cell remembers and, thus, delivers only the amount
of capacity previously repetitively used. Instead, the phe-
nomenon is actually related only to extended overcharging
and incomplete discharging, not repetitive shallow cycling.
This is because that portion of the electrode material which
has experienced overcharge and not been discharged for
an extended period of time slowly shifts to a more inacces-
sible form.

The depressed voltage effect can of course cause loss of
useful capacity in those application cases where a high cut-
off voltage prevents complete discharge of the minimum
capacity cell in the battery. If voltage depression has occured,
complete discharge requires continuation down through the
depressed knee to that voltage level which keeps all the
electrode material active. An end-of-discharge voltage
(EODV) on the minimum cell of, for example, 75 percent
of its MPV or less will accomplish that restoration with
each discharge. This is further discussed in Sections 4.5.4
and 6.4.4.
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4.5.4 Discharge Termination Vollage vs. Capacity

In actual use, the most frequent discharge termination which
the battery encounters is not determined by voltage at all
but by the time-of-use pattern of the product. The majority
of applications are ones in which all the available capacity
is seldom used at any one time. The discharge is typically
terminated in these products when the immediate task at
hand is completed —for example a 5-minute shave with a
shaver battery capable of 40 minutes, or a power outage
requiring 48 seconds of emergency lighting from a system
with a designed capability of one and one-half hours run
time. These discharge durations should be considered to be
random time controlled cutoff discharges, and are not a func-
tion of battery voltage.

From Figure 4-4 it may be concluded that less capacity is
available if the end-of-discharge voltage (EODYV) is in-
creased, and more capacity will be available if EODV is
decreased. A close-up view of the knee of the discharge
curve can demonstrate this effect on the available capacity
of the cell, relative to the actual capacity.

Figure 4-22 illustrates this close-up view of the two ex-
tremes in the shape of the knee. This figure shows the
amount of capacity available to various EODV values. Curve
@ in Figure 4-22 has a relatively sharp normal knee which
results in only a minor variation in available capacity with
EODVs equal to or lower than 90 percent of MPV. Curve
in Figure 4-22 represents a different curve shape resulting
from some combinations of higher discharge rate, extended
overcharge, higher cell temperature, history, etc. Curve
illustrates the more significant variation of available dis-
charge capacity which may be present in cells with that
more rounded knee in their discharge voltage characteristic.
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Figure 4-22 Effect of EODYV on Available Capacity

Battery operated products may be considered in general to
have more than one level or means of battery discharge
load switching. First there is the primary switching means
by which the battery load is normally initiated and termi-
nated. This load switching function may be accomplished
either manually {by a simple on/off or by a momentary type
switch) or automatically (by electronic circuitry).

In addition some end products may contain a back-up
secondary feature which acts to preempt the primary load
switch-off by terminating the discharge at a predetermined
value of battery voltage. These preemptive discharge ter-
mination techniques, which tend to determine the mini-
mum EODYV value (i.e., the maximum amount of discharge)
in various applications, may be classified as either hard,
semi-hard or soft.

The end products which have hard cutoff voltages con-
tain circuitry which senses the battery voltage actually being
delivered to the product and automatically terminates the
further discharge of the battery by electrically switching
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the battery load off when battery voltage falls below a pre-
determined value. This prevents any further significant dis-
charge of the battery. A hard cutoff voltage is frequently
employed and designed into those products in which a low
supply voltage from the battery would result in unsatisfac-
tory load performance, the negative consequences of which
might be undetectable to the user at the time. Some load
circuits, particularly electronic loads, may possess such a
nonlinear relationship between battery voltage and load cur-
rent that they inherently display nearly hard cutoff charac-
teristics, even without an actual battery-switch-out mech-
anism. Typical products which may use hard cutoffs are
some video cameras, tranceivers and cordless telephones.

There is a second similar design technique used only in
manually operated end products. These products might be
considered to have a semi-hard cutoff voltage. They are
characterized by battery voltage sensing circuits similar to
the hard cutoff case, but which only signal the user that
the battery is discharged. Further discharge is not, how-
ever, electrically prevented if the operator, for any reason,
does not open the primary load demand switch. (See Section
6.4.3 on low state-of-charge sensing.)

The third category of applications inherently has a soft
cutoff voltage. The soft cutoff case is illustrated by an ap-
plication in which the user is the only judge of the amount
of reduction of function, resulting from the reducing bat-
tery voltage, which will be tolerated before deciding to ter-
minate the discharge and recharge the battery. This is the
cutoff employed by all appliances in which no additional
circuitry has been provided beyond the primary load de-
mand switch. Typical products in the soft cutoff category
are power tools with momentary type load switches, and
flashlights with simple on/off primary load switching.

There are two principal criteria which should be used
for the determination/selection of discharge cutoff voltages
in the end product of any of the above described three types
of discharge termination. These criteria are:

¢ Required Application Voltage (RAV)
e Cell-Polarity-Reversal Voltage (CPRV)
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4.5.4.3 Required Application Voltage

Required Application Voltage (RAV) is the lowest battery
voltage which will produce acceptable product function.
Its value is dictated by the system design of the end prod-
uct. This voltage is the lower limit of the operating voltage
range between battery supply voltage and end product
load voltage.

Products are normally specified to operate nominally at
the average delivered battery voltage. The average operat-
ing voltage in the case of the battery is approximately equal
to the midpoint voltage (MPV). (MPYV is discussed in Sec-
tion 4.2). It is therefore helpful to think of the RAV lower
voltage limit as a tolerance on the minimum side of that
average operating voltage (i.e., some fractional portion of
the nominal operating voltage).

As a general rule the degree of utilization of the capacity
of the single cell battery will be very close to 100 percent of
the total battery (cell) capability when the end product is
designed to function satisfactorily down to a single cell bat-
tery voltage of 75 percent of the average operating voltage
(0.75 multiplied by MPV). This results in a required end-
product functional voltage tolerance of +15 percent and —25
percent from the nominal MPV operating value. Since MPV
may be conveniently calculated by the procedures illustrated
in Section 4.4, all the effects of cell design, as well as appli-
cation discharge rate and cell temperature, are thus inher-
ently compensated for by using the 0.75 MPV cutoff rule.

In the case of multicell batteries, 100 percent utilization
of the total capacity capability is achieved with even less
down-side voltage tolerance requirements. This is due to
the effect of the sharp drop in battery voltage which occurs
when the minimum capacity cell in the battery reaches the
end of its capacity and initiates the drop to EODV.

The relationship between battery voltage and product per-

formance may be adjusted during the design of the end
product by increasing or decreasing the number of cells in
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the battery (battery supply voltage). It may also be adjusted
by increasing or decreasing the response of the end prod-
uct at specific battery voltages. The battery supply voltage
can also be increased in the case of high-rate, low-run time
applications by the use of a low R, design cell, or a larger
cell with higher capacity which thus inherently has a lower
R. (R, is discussed in Section 4.2).

o
N
&

&)

Although it may be convenient to think of multicell bat-
tery voltage in terms of mean voltage per cell (battery volt-
age/number of cells), the mathematics of the cell polarity
reversal phenomenon illustrated in Section 4.5.1 result in
a fundamental difference from this convenient and simple
relationship. The voltage delivered by the nickel-cadmium
cell, following the knee of the curve, normally falls off with
extreme rapidity. Because of this characteristic, even quite
small differences in the actual capacity of the various cells

in the battery will result in a low and possibly reversed |
voltage for the cell with the minimum capacity, before the 4:
remaining cells in the battery have even reached the knee |

of their particular voltage curve. Reflection on this situa-
tion will disclose that a multicell battery, in the decreasing
voltage region near the end of its capacity, will quite likely
have the minimum capacity cell going through zero volts,
as in Figure 4-20. The limiting scenario cell-reversal situa-
tion might thus be comprised of all cells save one at or above
their knee while the lowest capacity cell is at zero or even a
slight negative voltage.

Polarity reversal of the minimum capacity cell can be
prevented if necessary (see Section 4.5.1) in this case by
limiting the multicell battery EODYV to approximately:

CPRV, = (MPV — 100) (n — 1) millivolts

Where: n = number of cells in battery
CPRYV is minimum battery voltage which avoids
cell reversal.
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This equation describes the battery voltage with one cell
at zero and the other (n — 1) cells at a point just prior to
their voltage knee which is generally located at least 100
mV below midpoint. This equation thus provides a quite
conservative estimate of the discharge termination battery
voltage that would prevent driving any cell in the battery
into reverse polarity.

A more generous determination of CPRV might be to
allow a greater average decrement of voltage below midpoint
for the (n — 1) cells, for example 150 mV each. It might also
recognize that the reversed cell polarity must reverse to at
least 200 mV prior to any detrimental effects. Taking both
of these allowances into account, the reversal prevention
voltage might then be more liberally adjusted toward:

CPRV,; = [[MPV — 150)(n — 1) — 200] millivolts

In addition to the above liberalization, and because any
damaging effects of cell reversal are dependent on the cu-
mulative amount (amp hour magnitudes) of capacity in re-
verse, and each reversal may utilize only a fraction of the
total tolerance for any one cell, the minimum operating volt-
age selected might be further reduced by:

a) Use of cell designs with greater tolerance for reversal.
The General Electric nickel-cadmium cell has a very
high tolerance for cell polarity reversal.

b) Consideration of an end product use pattern which
indicates infrequent reliance on cutoff voltage as the
actual discharge termination.

c) The use of cells with tightly grouped capacity dis-
tributions for making each battery.

d) Reduced expectations of battery life in terms of the
number of deep discharge reversals expected in use.

e) Consideration of the general rule that higher rate dis-
charges have softer knees with greater decrements
below their MPV, further reducing the value of CPRV
and thus minimizing the possibility of cell reversal.

Only the end product designer is in a position to design /
adjust / balance the value of RAV and CPRYV for the vari-

R
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ous requirements of cutoff voltage. It is helpful, however,
to understand that the MPYV is the key voltage from which
all these factors may be considered. MPV is the average
voltage delivered under the actual load and therefore deter-
mines the average functional performance of the end prod-
uct in addition to its relationship to minimum acceptable
product performance. MPV also determines the initial dis-
charge voltage delivered to the end product, approximately
[n multiplied by (MPV + 150)] mV. MPV also fixes the
maximum battery voltage at which any one cell could pos-
sibly be placed in reverse polarity.

The low voltage tolerance of the load need not be de-
signed any lower than either 0.75 multiplied by MPV or the
selected value of CPRYV, whichever is higher, in order to
utilize the maximum useful capacity of the battery.

Design related factors are those elements of a specific cell
design that will have an impact on the discharge voltage
and/or the actual capacity which is available for a given
load under specific operating conditions. The principal ele-
ments of the cell include electrode type and dimensions,
current collection means, separator, and electrolyte.

These are controlled by General Electric and used
in a variety of arrangements which yield desirable per-
formance characteristics to match a variety of applications.

4.6.1 Elecirode Dimensions

The thickness and surface area of an electrode have a sig-
nificant effect on the ability of the cell to deliver voltage at
high discharge rates and/or to produce its maximum ca-
pacity. Normally, to maximize the capacity of a cell, the
electrode is made rather thick and thus correspondingly
shorter in coiled length. This thick electrode will provide a
cell with more active material than would a thin electrode
of the same total volume and, because of that additional
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active material, will deliver more capacity. However, the
thick electrode has a high R, and cannot deliver voltage at
high discharge rates as well as the thin electrode of the
same total volume and chemistry. For a specific current level,
the surface current density in the thick electrode, with its
smaller frontal surface area, is higher than that of the thin
electrode, which has the larger surface area. Accordingly,
for high-rate discharge service the electrodes are designed
to be thin and have a large frontal surface area. For high ca-
pacity requirements the electrodes are designed thicker with
less area.

The thickness and surface area of an electrode also have
an effect upon its ability to accommodate high overcharge
rates. The oxygen evolved in overcharge at the positive elec-
trode must be effectively reduced at the negative electrode.
An electrode with a large surface area will reduce the gen-
erated oxygen more readily and at a lower pressure than an
electrode with a small surface area. For this reason, fast
charge cells are normally designed with thin electrodes hav-
ing large area.

4.6.2 Current Collection Means

To achieve good voltage regulation at very high discharge
rates, all parts of the cell must be designed for low internal
resistance. One way to achieve low R, is to provide multiple
parallel paths for current to flow from the electrode to the
cell terminals. This is accomplished by using a current col-
lector that contacts the electrode spiral in many places.
That design technique is embodied in the General Electric
GEmaxm cej],

4.8.3 Separator

The separator fulfills a number of functions in the opera-
tion of a cell. These include:

* Maintaining physical (electrical) separation of the
electrodes.

4-46 GENERAL




Discharge

¢ Wicking the electrolyte to and from the electrodes
while immobilizing that portion of the electrolyte not
in the electrodes.

e Providing low resistance conduction of OH™ ions from
one electrode to the other through that immobilized
electrolyte during charging and discharging of the cell.

e Providing permeability for the oxygen gas to migrate
rapidly and easily from the positive to the negative elec-
trode during overcharge.

e Preventing or retarding the migration of cadmium spe-
cies from the negative to the positive electrode.

In performing these functions a number of separator de-
sign trade-offs affect the performance of the cell.

A thicker and less porous separator improves the life of
the cell. A thin separator reduces the R, and increases the
volume for active capacity materials as well as improving
the oxygen gas transfer between electrodes, thus enhanc-
ing overcharge rate capacity.

If high cell temperature operation is required, a Goldtop® ‘
cell with polypropylene separator is normally used along
with material changes in other life-limiting components.
For normal cell temperatures a polyamide material is gen-
erally specified. Polyamide material is more wettable and
therefore wicks the electrolyte better than polypropylene.
It thus provides higher ion conductivity, resulting in lower
internal resistance and better capacity stability over the life
of the cell.

A number of different electrolyte design options have an
impact upon cell life and performance. Most nickel-cadmium
cells are designed with a potassium hydroxide electrolyte
having a concentration ranging from 29 percent to 37 per-
cent. The concentration used depends upon the applica-
tion temperature of the battery and the trade-off between
performance and life. A variety of additives may also be
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used in the electrolyte to enhance performance in particu-
lar types of applications.

4.6.5 Normalizing R,

The effects of cell design, aspect ratio of the cell shape,
plate manufacturing methods, etc., on the internal resist-
ance R, may be seen in a sharper perspective by normaliz-
ing the R value relative to cell capacity. To accomplish this,
the resistance is expressed in terms of the voltage decrease
for each C rate of increase of discharge rate (mV/C am-
peres). Thus an R, of 30 milliohms for a 0.5 Ah cell be-
comes 15 mV/C rate (30 X 0.5). For example, a discharge
current of 8C rate would result in a discharge voltage which
was 120 mV/cell below the effective open circuit voltage
E,. Another cell design with an R, of only 7 milliohms in a
4 Ahr cell becomes 28 mV/C rate (7 X 4). This 7 milliohm
cell is thus almost twice as high in effective resistance as
the 30 milliohm cell above when the effect of its larger ca-

| pacity is normalized out of the measurement. This method
. of expressing R, better illustrates the effects of cell design
! and is frequently convenient to use because it is a more

constant value which is indicative of overall cell technol-
ogy and relative power delivery capability.

The discharge characteristics which describe sealed nickel-
cadmium cell performance are capacity and voltage. Ca-
pacity, measured in terms of ampere-hours {or milliampere-
hours), is dependent upon cell size, the cell design and
construction, the effectiveness of the charge, the cell tem-
perature of the application, the open circuit time between
charge and discharge, the discharge rate, the end-of-dis-
charge voltage, and the previous history of the cell in cy-
cling, overcharging, or idleness.

The average discharge voltage is dependent upon the cell
size and construction, the discharge rate, the cell tempera-
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ture of the application, and the previous history of the cell
in cycling or idleness.

These two characteristics, capacity and voltage, were
discussed in detail in Sections 4.2 and 4.3. Techniques for
determining and illustrating their approximate new cell val-
ues in any application situation were described in Section 4.4.
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Section

5.1 BATTERY LIFE

5.2 WEAR-OUT MECHANISMS

5.3 USE FACTORS AFFECTING BATTERY LIFE

54 EFFECT OF CELL CONSTRUCTION ON BATTERY
LIFE

5.5 QUALIFICATION TESTING

5.6 METHODS OF LIFE TESTING

5.7 STORAGE

5.8 SUMMARY

Nickel-cadmium cells and batteries are suitable for a wide
range of consumer, industrial, and military applications. They
provide a long-lasting, trouble-free, rechargeable source of
electrical energy that in most applications provides a life
expectancy of many years and/or hundreds of cycles of op-
eration. The life of sealed nickel-cadmium batteries is in-
fluenced by actual use, the temperature, the charging and
discharging parameters, and by the cell, as well as by the
battery design and construction. The end of useful life is
heavily dependent on the requirements of the application
and upon the habits and expectations of the individual user.
A capacity of less than 50 percent of cell specification ca-
pacity is used by General Electric as a measure of end
of life.

Two types of battery operating capability loss can cause
the device powered by the battery to fail to meet the user’s
operating expectations:
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e Permanent loss of battery operating capability
e Reversible loss of operating capability

A permanent loss of capability is an irreversible failure of
the battery to perform its expected function. A reversible
loss of operating capability, however, can be overcome to
provide additional useful life by some conditioning proce-
dure. This reversible loss of operating capability of nickel-
cadmium batteries is discussed in Chapter 4. Permanent
cell failure is discussed in this chapter.

Life of sealed nickel-cadmium cells may be measured in
terms of time or cycles. Some factors are time dependent
while others are cycle dependent. The effects of these fac-
tors will be discussed in light of their respective concerns.

Life characteristics of nickel-cadmium batteries, like those
of many electronic components, can be described by a bath-
tub shaped curve of failure rate vs. time as shown in Figure
5-1; this characteristic curve is called a hazard function.

The first of three distinct time zones is @ in Figure 5-1. It
is usually identified as the infantile failure period. The typi-
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Figure 5-1 Typical Life Characteristic of Nickel-Cadmium Batteries

5-2



Life & Storage

cal profile shows a small and decreasing failure rate as the
early failures are weeded out. The second period, Zone
in Figure 5-1, is the random failures period and typically
shows a very low failure rate. The third, Zone © in Figure
5-1, is identified as the wear-out period. During the wear-
out period the battery failure rate increases with time. The
term wear-out is used to describe the condition when the
cumulative gradual aging effects, through oxidation or other
deterioration or materials, result in eventual loss of the cell
operating capability.

Battery life in any application or use, whether quantified
in terms of service years or number of charge/discharge
cycles, is dependent upon a combination of variables,
including:

e Cell design and construction

e Charge/overcharge conditions
¢ Discharge conditions

s Temperature of the application
¢ Voltage requirement

¢ Number of cells in the battery

The end of service life of a battery is often defined by users
as the time when the device powered by the battery will no
longer meet their perception of minimum acceptable level
of operation. Therefore, the end of life for a battery in any
specific application depends on the expectations of the user
and on the changing performance of the device itself with
wear and age, in addition to the ability of the individual
cells of the battery to continue to perform their basic func-
tion with acceptable effectiveness.

The nickel-cadmium cell can be represented by its equiv-
alent electrical circuit as was discussed in Chapter 4. An
equivalent circuit showing voltage source (E,) and the se-
ries resistance (R.) is shown again in Figure 5-2. In this
diagram an additional parallel resistance (R,) is added to
schematically represent the resistance between the posi-
tive and negative electrodes, which plays a role in describ-
ing one of the failure mechanisms.

cENERAL @B ELEcTRIE 5-3




// CELL TERMINALS

WHERE:
Re = CELL INTERNAL RESISTANCE

R

o RESISTANCE BETWEEN ELECTRODES

MAY DECREASE WITH AGING (SHORTING THE CELL)

Figure 5-2 Equivalent Circuit of a Nickel-Cadmium Cell Showing R,
Failure Mechanism

Useful life of a nickel-cadmium cell is ended when either
R, in Figure 5-2 increases significantly or when R, becomes
relatively small. These variations in R, and R, are due to
gradual changes in the cell’s internal components (e.g. the
separator, electrolyte, and electrodes) which change through-
out their life. R, is reduced and approaches zero as the cell
! becomes internally shorted and can no longer store energy.
As R, increases significantly, the cell can no longer be ef-
fectively discharged and ceases to function. The discussion

S in the next section will detail the various circumstances
under which R, increases and/or R, decreases to the degree
that useful life of the cell is terminated.

The typical nickel-cadmium cell will have a very long and
useful life with little loss of performance as it typically wears
out very slowly as shown in Figure 5-3. A number of wear-out
phenomena (discussed in the following paragraphs) occur,
affecting performance. These include:

e Deterioration of the electrolyte
¢ Deterioration of the separator
e Deterioration of the seal integrity
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5.2.1 Elecirolyte Carbonates

The typical sealed nickel-cadmium cell, as manufactured
by General Electric, contains a very low level of carbonate.
However, the cell contains organic components like sepa-
rator, seals, and vents. These organic components are slowly
oxidized in the presence of the electrolyte, potassium hy-
droxide, and oxygen, forming small amounts of carbonate.
Increasing carbonate concentration changes the character-
istics of the electrolyte, reducing the oxygen recombination
capability of the negative electrode and the high-rate charge/
discharge capability of the cell.

5.2.2 Deterioration of Separator

Sealed nickel-cadmium cells contain a porous synthetic fab-
ric separator. This material provides electrical insulation
and mechanical isolation between the positive and nega-
tive electrodes. A primary cause for electrical shorts in the
cell (a reduction of R, in Figure 5-2) is degradation of this
separator material. Degradation is cumulative; when the
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degradation has caused sufficient deterioration of the sepa-
rator material, the separator loses its ability to maintain iso-
lation of the electrodes. An ohmic path is then formed and
the cell becomes internally electrically shorted. The rate of
separator degradation is a function of the integral of cell
temperature over time.

A shorted cell may not always appear to have an electri-
cal short. The short may have a sufficiently high resistance
(R, in Figure 5-2) to allow most of the charge current to
flow to the electrodes and charge the active material but
sufficiently low resistance (R,) to self-discharge the cell
rather quickly. Such a cell may perform acceptably if dis-
charged immediately after charging but poorly on applica-
tions requiring long periods at rest (open circuit) after charg-
ing. In effect it will exhibit poor capacity retention. (See
Section 4.3.4.)

When the ohmic path through the deteriorated separator
has a low resistance, the charge current is partially shunted
and the cell cannot be fully charged; what charge is ab-
sorbed will quickly flow through the internal short circuit
path once removed from the charger, resulting in no usable
capacity. The cell voltage determines the current through
the internal current path (short). If the cell voltage can be
increased enough by high charge currents, the shunting
current is sometimes of sufficient magnitude to burn off or
clear the shorted contact, providing a brief extension of life
(sometimes colloquially referred to as zapping cells).

In some applications, with multicell batteries the device
may still provide satisfactory performance, even with one
or more shorted cells. In other applications a single shorted
cell can degrade the voltage performance of the device to
an unacceptable level, at which time the battery has reached
the end of its useful life. (For additional information see
Section 4.5.4.3 on the required application voltage, RAV.)

2.3 Deterioration of Seal Integrity

The electrolyte and the oxygen gas generated during over-
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charge are normally contained within the cell. General
Electric sealed nickel-cadmium cells are designed with two
sealing points. One sealing component is a plastic seal ring.
This seal ring electrically isolates the cover (the positive
terminal) from the can (the negative terminal). The seal is
made during assembly and completes the cell closure be-
tween the can and cover. The second seal point is the safety
vent. Typically this is an elastomeric material which is held
with a fixed force over an orifice in the cover. Neither the
plastic seal ring nor the rubber vent seal is totally immune
to attack and deterioration when exposed to the internal
potassium hydroxide electrolyte and oxygen. The deteriora-
tion rate of the sealing materials is a function of temperature
and of the materials used in the particular cell design.

As the seal ring and the safety vent seal (shown in Figures
2-3 and 2-4) slowly deteriorate there comes a point when
they no longer provide an effective gas seal. The only con-
tinuous source of gases is the water in the electrolyte. That
water is lost as it is electrolyzed, resulting in hydrogen and
oxygen gas escaping through the deteriorated seal. This
failure is not usually observed because other failure modes
typically occur first.

Sealed nickel-cadmium cells contain a carefully measured |
amount of electrolyte. The amount of electrolyte is selected | |
to wet but not saturate the separator and electrodes so there “——-
is no excess. Some small loss of electrolyte can be tolerated
without significant impact on the cell’s performance. How-
ever, continued loss of electrolyte will eventually result in
an increase of R, (in Figure 5-2) and a commensurate drop
in some cell performance parameters. The resealable safety
vent will limit the loss; however, continued venting will
lead to dry out and end of useful life.

The preceding paragraphs discussed the wear-out mecha-
nisms that limit the useful life of the battery. The other key
factor in battery life is how the battery is used. When the
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battery is misapplied or misused it can fail much earlier
than expected.

5.3.1 Effect of improper Charging

Improper charging is a principle form of battery misuse.
Any charging which results in cell venting may in turn
cause an increase in the cell’s R, due to water lost from the
electrolyte.

An acceptable continuous charge rate (overcharge rate)
allows the cell to generate only oxygen in overcharge (no
hydrogen) to the degree that the build-up of pressure does
not exceed the setting of the safety vent. If the cell temper-
ature is low (such as in a garage in winter), the capability
of the cell to effectively reduce oxygen generated in over-
charge is lessened. If the charge rate exceeds the recom-
mended maximum at the cell temperature, the oxygen pres-
sure when starting overcharge may exceed the safety vent
pressure setting and the gas will be expelled through the
vent. A moderate amount of lost oxygen can be tolerated.
However, if such venting continues, or is repeated, the

, amount of water in the electrolyte is decreased to the point
that the cell will not function properly. This is sometimes
referred to as dry-out. Under dry-out conditions, R, (see
Figure 5-2) increases to the degree that the cell can no longer
be effectively charged or discharged (the discharge voltage
is low and the charge voltage is high). Proper charging is
covered in Chapter 3.

The most important application factor that affects normal
cell wear-out life is temperature. As mentioned previously,
elevated temperatures cause the separator and seal materials
to degrade. As this rate of degradation is a direct function
of the cell temperature (at any given time), applications
exposing batteries to high ambients or overcharge tem-
peratures will experience a reduction of life from those
expected at 23°C.
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Since the total amount of component deterioration is a
function of the time-temperature integral, occasional brief
exposures of the cell to very high temperatures of less than
100°C can be tolerated with little effect.

B ) TRAR L n
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Although many of the applications for sealed nickel-cad-
mium batteries are cyclic duty, another widespread use of
these batteries is in standby power or principally on-charge
applications such as emergency lighting, alarm systems,
computers and always ready-to-serve cordless applications.

The key life-limiting factor in these almost continuous
overcharge duty applications is the cell temperature. In most
standby duty equipment, the sealed nickel-cadmium bat-
tery is maintained in a fully charged, ready-to-serve function
by applying a continuous charge to the battery. The tem-
perature in overcharge, discussed in Section 3.4.2, can be
significantly above the ambient temperature due to heat
generating sources in the vicinity of the battery as well as
the charging energy, converted to thermal energy in over-
charge. The temperature of the cell and its internal compo-
nents determines the life of the battery in these standby
duty applications. Section 5.4 examines the typical relation- |
ship of life versus temperature for two cell construction types.

Although General Electric nickel-cadmium cells have in-
herent deep discharge protection, the cycle life of sealed
nickel-cadmium cells is affected by the depth of discharge
as shown in Figure 5-4. When a cell is fully exercised in
every cycle the active materials in the electrodes are worked
more, causing slight degradation to occur earlier than in
the same cell undergoing less exercise. The band shown in
Figure 5-4 indicates a rather broad range of expected re-
sults, particularly in the shallow depth-of-discharge region.
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General Electric nickel-cadmium cells have a rugged con-
struction and can tolerate the shock and vibration of nor-
mal use. For example, General Electric cells have been sub-
jected to long-term exposure to 10g excitation in the axial
and transverse directions over a frequency range of 100 to
500 Hz with no loss in performance. However, severe shock
and vibration can cause damage to the battery components
and the cells, resulting in sudden failure due to electrical
shorts or opens in the intercell connections of the battery.
Under such abusive conditions the life of a battery can be
abruptly terminated at any time.
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The life of a sealed nickel-cadmium cell depends in large
measure upon its design and construction. The electrode
design and method of manufacture, the separator, and the
cell roll geometry have the most significant effect upon the
capacity of the cell during its operating life. A typical repre-
sentation of cell cycle life is shown in Figure 5-5. Cell Type
® and Cell Type ® indicate that different capacity trends
can be expected from different types of electrode construc-
tion as a function of the number of cycles. The cycles in
Figure 5-5 are deep discharge cycles and the average tem-
perature is 23°C. The Type @ and Type ® curves in Fig-
ure 5-5 are not specific General Electric designs, but are
illustrated to emphasize the fact that different designs and
process techniques may have an effect on the capacity dur-
ing life.

The two types of cell construction in Figure 5-6 show the
time (non-cycle) life difference due to electrode construc-
tion, separator, electrolyte, and other design factors versus
temperature. Cell Type ® is able to handle high tempera-
ture exposure with limited reduction in lifetime while Cell
Type ® is designed primarily for applications at nominal
temperature and below. Again, Type ® and Type @ curves
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in Figure 5-6 are not specific General Electric designs but
are shown to highlight the difference between cell design.

5.5 QUALIFICEATION TESTING

Some users of batteries may perform special testing to qual-
ify batteries for use in a specific application. This qualifica-
tion testing takes the form of a series of specific tests in
which the battery or cells must meet certain minimum or
maximum limits for each test procedure. These qualifica-
tion tests take on many forms and have various names, such
as type and performance tests. A type test may contain not
only initial performance measurement tests but also some form
of life exposure with periodic performance measurements.

5.5.1 Performance Testing

The purpose of performance testing is to define the electri-
cal characteristics of the battery under a variety of condi-
tions. Since General Electric sealed nickel-cadmium cells
may increase in capacity during the first few cycles for any
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specific set of conditions, it is necessary to perform stabili-
zation cycles prior to measuring the performance to obtain
realistic and repeatable data. Five cycles are usually suffi-
cient to reach stabilization.

Qualification testing is usually conducted on an acceler-
ated basis in one form or another to reduce the test time to
a practical time limit. A qualification life test may be gener-
alized to the degree that the test regime does not reflect the
effects of normal charge-discharge activity that all particu-
lar applications will experience. This generalized life test
procedure does not necessarily provide an entirely valid
basis for projecting actual cyclic or calendar life for all par-
ticular applications.

A type test regime may attempt to simulate, to varying
degrees, the actual expected use pattern of the device. Such
regimes may compress calendar time by ignoring all inter-
mittent use patterns and storage (idle) periods which are
typical of most applications. Laboratory tests may not truly

simulate the expected real time use of the product. All of ——

the variables encountered in a typical real time use of the 3
product would be difficult, if not impossible, to duplicate in
a type test.

In most applications, the battery is exercised randomly
with some shallow discharges and some deep discharges.
The effect of this random usage is typically beneficial for
cell performance and may extend the life beyond that found
in a fixed, regimented cycle regime such as a qualifica-
tion test.

With the increase in popularity of fast charging systems,
which can fully charge a battery in one hour or less, cyclic
life testing with many cycles per week is quite common
and provides a guide to battery cycle life expectancy. Cal-
endar time is of course not accounted for in such acceler-
ated cycle life testing regimes. However, this test, unless
used with fast-charge cells and charged by the same method
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as the end-use application, may be an additional nonlinear
stress not seen in the real application.

It is important to recognize that the results of qualifica-
tion life testing must, at best, be a compromise of the life
expectancy of the battery in real time. The designer of a
qualification life test procedure should consider all appro-
priate factors which will affect the life performance of the
battery and at the same time apply a realistic and reasona-
ble stress on the battery. Certainly some acceleration of time
may be required to complete the life type test in a practical
amount of time. However, in any attempt to compress test
time, extreme care must be taken to avoid any nonlinear
life-limiting or life-diminishing stresses on the battery which
cannot be correlated with the expected real time use of the
battery. Without thoughtful consideration of the significant
wearout variables, a life test program may yield misleading
conclusions or comparisons.

General Electric tests designed to generate a data base for
defining life characteristics of nickel-cadmium batteries are
1 of two types:

e Real-time life testing
e Accelerated life testing

o

D8, ¢

Real-time testing, although the most representative of all
testing, has a fundamental limitation. Since the life of nickel-
cadmium cells is measured in years, a very long period of
time is required to obtain meaningful failure data. The wide
range of variables encountered in real life applications would
dictate the consideration of a similar broad range of life test-
ing regimes. For laboratory simulation of an actual applica-
tion, it is usually desirable to set up conditions as close as
possible to those found in the actual application. It may
also be desirable to accelerate a test by imposing more diffi-
cult conditions on the battery so as to obtain information
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more quickly. In addition, new battery products are con-
stantly being introduced. These and other factors thus fa-
vor reliance on accelerated life testing as the primary early
means of establishing battery life expectancy data and for
making cell comparison judgements for specific applications.

5.6.2 Accelerated Testing

The two major application factors for determining the ap-
propriate method of battery life acceleration are cyclic ap-
plications and standby applications.

Cyclic dominated applications are exemplified by com-
mercial uses of nickel-cadmium batteries in receiver/trans-
ceiver mobile communication devices, photographic equip-
ment and power tools where cyclic experience may be as
rapid as one charge/discharge per hour or as infrequent as
an average of several per week.

Standby (non-cyclic) uses are typified by microprocessor
memory back-up power, emergency lighting and security
system standby power, and ready-to-serve household appli-
ances such as shavers and cordless appliances on charge
whenever not in use.

5.6.2.1 Cyclic Acceleration

Cyclic application accelerated life testing typically uses the
accelerating factor of eliminating all idle time and most
excess overcharge time. This regime utilizes:

e The maximum reasonable number of cycles per period
e Depth of discharge ranging upwards to 100 percent

Cells designed only for 0.1C charging can be life tested to
full depth of discharge at cyclic rates no higher than about
one cycle per day. This is a rather insignificant cyclic ac-
celerating factor for producing wearout in a reasonable pe-
riod of time. Cells capable of charge rates up to 0.3C can be
tested at cyclic rates of about three cycles per day. How-

GENERAL @B ELECTRIC 5-15




Life & Storage

ever, time and temperature may be the limiting factor in
either case just as in standby applications. Cells designed
to tolerate fast-charge rates of 1C or greater can be exposed
to accelerated cyclic rates as high as twelve cycles per day.
Calendar time is not the life measurement parameter used
in the high cyclic rate regimes discussed above, but rather
actual cycles to failure. The objective should be to provide
the optimum data in the minimum calendar time, uncom-
pounded by unpredictable or inadvertent and unrealistic
abusive stress factors.

5.6.2.2 Temperature Acceleration

It is often desirable to accelerate a life test so that results
can be obtained in a shorter time than would be necessary
for a standard condition test. The test parameter that is nor-
mally used for acceleration is temperature. A great deal of
test data and testing experience is necessary to interpret
the results of an accelerated test and use these results for
predicting life under normal conditions. Plots of achieved
life are normally represented in terms of characteristic life
(that is, when 63.2 percent of the population have failed to
meet predetermined minimum performance levels) as a func-
tion of the accelerating variable (i.e., temperature). These
data points may be utilized to extrapolate a steadily improv-
ing estimate of real condition life, as new points become
available at the lesser accelerated conditions. Without the
availability of intermediate condition data, the usefulness
of accelerated life tests is inherently limited to comparison
between groups of batteries at the accelerated condition and
these comparisons are only valid if the accelerating mecha-
nism has the same effect on both. For example a compari-
son between cell types ® and ®in Figure 5-6 could produce
seriously misleading results for only one acceleration.

Temperature is well known as an accelerating factor in
many types of life tests that result in reduction in life as
temperature is increased. The amount of meaningful tem-
perature increase must, however, be limited to the range
that does not introduce new failure modes. Accelerated life
tests of sealed nickel-cadmium cells at General Electric
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are conducted at temperatures of 37°C, 48°C, 60°C, 72°C
and 86°C.

Non-cyclic (standby) application accelerated life testing
typically uses temperature as the key time accelerating fac-
tor. The assumption is that the the occurrence of key wearout
failure modes is the critical objective of such testing. The
priority wearout failure modes, as discussed in Section 5.2,
are shorts and electrolyte dryout. The materials of all the
cell components whose design function is to insulate and/or
to seal are polymeric. Such materials inherently deteriorate
in time and lose their functionality. The basis of thermal
acceleration testing is that the life degradation rate of these
insulators and seals is temperature dependent (Arrhenius
relationship). With all other factors constant, these degra-
dation rates roughly increase by 20 to 145 percent for every
10°C rise in cell temperature. Differences in design and
materials as well as temperature levels (the inverse Arrhen-
ius factor) account for these rate differences. Therefore the
protocol for thermal stress testing calls for overcharging at
rates appropriate for the cell design being tested, but at a
range of elevated temperatures, then extrapolating the re-
sults to the more moderate temperature of the typical appli-
cation. This protocol requires periodically discharging the
cells to measure the progressive degradation of cell capabil-
ity as well as to simulate the anticipated infrequent dis-
charge of such applications. The failure criterion established
and used at General Electric is when the capacity falls be-
low 50 percent of that capacity available at the elevated test
temperature when the cell is new.

5.7 STORAGE

Nickel-cadmium cells can be stored under a wide range of
temperature and humidity conditions without permanent
harm to the cells. However, it is important to understand
the effects of any extreme in either temperature or humidity
in order to minimize any adverse effects which may accrue
from uncontrolled exposure to such extremes of environment.
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5.7.1 Temperature Effects During Battery Storage

General Electric nickel-cadmium batteries can be stored
under a wide range of temperatures. Storage for long peri-
ods at the upper temperature extremes will cause a reduc-
tion in battery life. To ensure the maximum life capability,
long exposure to extremes of the storage temperature range
should be avoided. The recommended storage is 0°C to 30°C,
but cells can tolerate excursions of —40 to +100°C.

Figure 5-7 depicts the number of cycles required for full
capacity recovery for cells stored for one year at various
temperatures. Capacity recovery cycles may increase with
higher storage temperatures since the active material
becomes passivated over time.
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Figure 5-7 Storage Temperature and Typical Capacity Recovery
Characteristics
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Fast-charge cells, charged at 1C or higher, will exhibit
high charge voltage on the first cycle after prolonged stor-
age at room temperature or if stored in warm ambients.

5.7.2 State of Charge Effects During Battery Storage

General Electric sealed nickel-cadmium batteries can be
stored in either the charged or discharged state. Batteries
stored in a charged state will experience self-discharge. As
discussed in Chapter 4, the rate of self-discharge increases
with cell temperature. However, even if a battery is stored
for extended periods and becomes completely discharged,
one or more charge-discharge cycles will usually place the
battery in a fully operational mode. One storage concern,
loaded storage, is explained in the following section.

5.7.3 Loaded Storage Effects During Storage

One application for nickel-cadmium batteries is to provide
back-up energy for volatile semiconductor memories in a
wide variety of electronic devices. Althocugh the drain rate
of a typical semiconductor memory and its associated cir-
cuitry is low, it is nevertheless sufficient to discharge the
battery if there are long periods of storage with the load
connected to the battery. The elapsed time from the time

the battery is installed in the device to the powering up of =i

the device in the field may combine with self-discharge to
exceed the discharge capacity of the battery. The result in
this case is that an electrical load is connected to the bat-
tery while it is in the discharged state. This is referred to as
loaded storage.

When a nickel-cadmium battery has been completely dis-
charged but a load continues to be applied, the battery volt-
age will approach zero. When the battery voltage is held at
zero or close to zero, the nickel-cadmium cell will be in a
loaded storage condition in which creep leakage phenomena
can occur. Under these conditions there is a very small but
continuing growth of an electrolyte film in the sealing sur-
face of the positive terminal. This creep leakage, an electro-
chemical phenomenon, may ultimately cause small amounts
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of electrolyte to creep out around or through the vent seal.
When this occurs small amounts of white crystals (potas-
sium carbonate) will eventually appear on the outside sur-
faces of the positive terminal. This white material is min-
ute particles of the potassium hydroxide electrolyte which
have reacted with carbon dioxide in the air to form potas-
sium carbonate. The effect of creep leakage in a single-cell
loaded storage application is usually appearance related only.
However, in cases involving batteries of two or more cells
in series, the potassium hydroxide (KOH) leakage may be
large enough so that other components of the device may
be exposed to potential corrosion damage from electrolyte.

This effect may also occur in circuits containing elec-
tronic battery cutoff relays in which the sensing circuit
remains across the battery even after the main load is
switched out.

General Electric nickel-cadmium cells are designed to
resist leakage but storing devices with the battery in open
circuit eliminates any possibility of loaded storage.

5.8 SUMMARY

Battery life can be measured in terms of either usage time
in years, or number of charge/discharge cycles, or both. In
general the wear-out function of the cell is independent of
cycling. Wear-out is primarily a function of cell tempera-
ture and overcharging conditions. Internal shorting failures,
however, may also be dependent on the depth to which a
discharge is carried. A shorting path of low current carry-
ing capability may be able to sustain itself while shunting
0.1C charge current, but be unable to maintain the connec-
tion if it is suddenly required to serve as the discharge path
for a partially charged cell. Some applications require that
the battery be discharged only a few times a year but be
maintained in a state of continual readiness. In these cases,
battery life is best described by the time element. But in
most applications, both time and number of cycles are of
significance in the life of the product.
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8.1 INTRODUCTION

This Chapter provides information about nickel-cadmium
cells and batteries as they relate to specific applications.
The features of nickel-cadmium sealed cells as well as the
application parameters which should be considered by the
designer when the battery is being selected for a given appli- &
cation are highlighted. :

6.2 FEATURES AND BENEFITS OF
SEALED CELLS

In reviewing the features of nickel-cadmium batteries pre-
sented in earlier sections, it is clear that these batteries are
particularly well suited to applications where the conven-
ience of a self-contained, always ready power source in-
creases the value and utility of the device or product. In
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applications where high power is desired a rechargeable
nickel-cadmium battery is often the most economical bat-
tery type.

Sealed nickel-cadmium batteries are used in many prod-
ucts and applications due to their unique characteristics
and capabilities. Among the most significant features of Gen-
eral Electric nickel-cadmium batteries which lead to their
choice as the preferred power source are the following:

Long operating life

High-rate discharge capability

Fast recharge capability (with charge control)
Operation over a broad range of temperatures
Long storage life

Rugged construction

Maintenance-free use

Operation in a wide range of environments
Operation in any position

Continuous overcharge capability

Nearly constant discharge voltage

High energy density

An understanding and appreciation of the benefits derived
from this unique combination of product features are im-
portant as they relate to a specific product or application.
These special capabilities open the way to the design and
manufacture of a host of products that are practical, con-
venient, or economical only with the nickel-cadmium bat-
| tery system.

6.2.1 Long Operating Life

Nickel-cadmium batteries have a very long operating life,
as measured either by number of charge/discharge cycles
or by years of useful life. Whether the battery is actively
used by repetitively charging and discharging, or is main-
tained on charge in a ready-to-serve condition, nickel-
cadmium cells can offer a very long, trouble-free life. Gen-
eral Electric nickel-cadmium batteries will normally pro-
vide hundreds of charge/discharge cycles or operate for
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many years in a ready-to-serve standby function. A detailed
discussion of battery life is presented in Chapter 5. The
long operating life makes nickel-cadmium batteries an ex-
cellent value for high-frequency use.

6.2.2 High-Rate Discharge Capability

General Electric nickel-cadmium batteries can deliver en-
ergy at very rapid rates. High-rate discharge capability makes
the nickel-cadmium battery ideal for use in high power
devices such as power tools. In these applications a high-
rate discharge capability leads to small, light and economical
battery powered products. Repeated cycles with very high
discharge rates are achievable. More information on dis-
charge capabilities is presented in Chapter 4.

6.2.3 Fast-Recharge Capability

A significant feature of the nickel-cadmium battery is its
ability to accept high charge rates. Although most recharge-
able nickel-cadmium battery applications have traditionally
used a relatively low-charge rate, which may require 16 to
20 hours to achieve a full charge, special sealed nickel-
cadmium batteries that can be charged much more rapidly
are available.

Quick-Charge batteries can be completely recharged at

the 0.3C rate in four to five hours, generally without the @

need of charge controls. They can be overcharged at up to |
the 0.3C rate.

Fast-charge cells allow the user to recharge the battery
in very short periods of time, normally within an hour.
With the fast-charge capability, the use of cordless electric
products is possible without advance planning or prepara-
tion. Fast charging also permits the use of the full capabil-
ity of the battery several times a day, reducing the need for
spares or larger batteries. As explained in Chapter 3, the
fast-charge current required to obtain this short recharge
time must not be continued into overcharge. This requires
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a special charger system with controls to terminate the high
charging current.

8.2.4 Operation Over a Broad Range of Temperatures

Nickel-cadmium batteries have excellent performance char-
acteristics over a wide range of operating temperatures.
Nickel-cadmium batteries deliver usable capacity in envi-
ronmental applications where temperatures may drop to
—-20°C or rise to 70°C. Some precautions must be taken in
charging nickel-cadmium cells at extremely low tempera-
tures. Special high temperature cells are usually required
for applications in which the battery remains above 50°C.

As is the case with most components, high cell tempera-
tures accelerate the degradation of batteries and reduce the
operating life. The temperature limits stated in specifica-
tion sheets represent the maximum continuous operating
and storage temperatures that permit a reasonable life ex-
pectancy. The batteries may be operated or stored at higher
temperatures (less than 100°C) for short periods without
noticeable degradation in battery life. Whenever the appli-
cation requires the battery to be subjected to continuous
high temperatures, General Electric’s high temperature
Goldtop® battery should be used to achieve the longest use-
ful life.

As discussed in Chapter 3, charge acceptance at higher
temperatures is substantially reduced and the charge volt-
" age is somewhat depressed. The capability of the cell to
retain its charged capacity while in open circuit is also re-
duced at high temperatures. Low temperatures will reduce
the amount of capacity that can be discharged from the
battery, particularly at high discharge rates. Capacity is
discussed in Chapter 4.

8.2.5 Long Storage Life

The General Electric nickel-cadmium cell can be stored
for extended periods of time at room temperatures in either

Gy
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a charged or an uncharged condition with virtually no
degradation in capability and, after just one or two normal
charge/discharge cycles, will exhibit normal performance.
This feature has considerable value in applications where
the battery is used only occasionally with long periods of
time at rest in the discharged state. Battery life in storage is
similar to that in use although with a lower rate of degrada-
tion. Storage and life are discussed in Chapter 5.

6.2.6 Rugged Construction

The General Electric sealed nickel-cadmium battery is a
very rugged device, both physically and electrochemically.
The cells possess good resistance to shock and vibration.
The nickel-cadmium battery lends itself to applications in
which it may be subjected to temperature extremes, tough
physical use, or other demanding applications. (See Chap-
ter 5 for further information.)

6.2.7 Maintenance-Free Use

Nickel-cadmium sealed-cell batteries are a good choice for
applications in which periodic maintenance would be diffi-
cult, impossible, or costly. Since they require no mainte-
nance, sealed cells are often permanently wired into a pro-
duct. The gases generated during normal operation are
recombined within the cell. General Electric sealed cells
perform repeatedly through normal duty cycles with no loss |
of active material or electrolyte. '

The sealed cell is an install-and-forget power source. With
the exception of periodic charging, it will perform virtually
without attention throughout its life.

6.2.8 Operation in a Wide Range of Environments

Nickel-cadmium sealed cells can be operated in a full vac-
uum or in a positive pressure environment. They also may
be operated in environments with a relative humidity range
normally encountered in commercial applications, without
noticeable effects on performance or degradation of life.
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6.2.9 Operation in Any Orientation

Sealed cells can be mounted and operated in any position
or attitude. The combination of sealed construction, absorb-
ent separator, and highly porous electrodes holds the elec-
trolyte so that normal ionic conduction required in the charg-
ing and discharging reactions occurs regardless of the cell
orientation. This feature permits product design flexibility
for portability. General Electric nickel-cadmium cells have
even powered drills in space and on the moon!

£.2.10 Continuous Overcharge Capability

The nickel-cadmium sealed cell battery is designed to accom-
modate extended charging at recommended charge rates,
with no noticeable effect on performance or life. Very sim-
ple and inexpensive chargers can be used when charging
at Standard rates. With this simple charger the Standard
battery is normally fully charged at the standard 0.1C rate
in 16-20 hours. Where a faster charge is desired, special
Quick-Charge cell designs are available which will tolerate
continuous overcharge up to 0.3C rate and can be recharged
in four to five hours with a similarly inexpensive charger.
This ability of nickel-cadmium sealed cells to accept con-
tinuous overcharging using either the Standard or Quick-
Charge rates has value in those applications where the prod-
uct must be ready to operate upon demand. Because of the
ability to handle continuous overcharge current, General
| Electric nickel-cadmium batteries are widely used in standby
1 power applications to automatically provide temporary ser-
i vice to systems requiring modest amounts of energy dur-
ing power outages. Examples are emergency lighting,
alarms, and microprocessor memory holdup applications.
(See Chapter 3 for further information on charging.)

6.2.11 Nearly Constant Discharge Yoltage

Nickel-cadmium sealed cell batteries have a nearly flat dis-
charge voltage profile throughout the major portion of the
discharge. At the very beginning of discharge (for a fully
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charged cell) at the one-hour rate, the voltage will drop
quickly to about 1.28 volts and then decline very slowly to
about 1.20 volts after 80% of the capacity has been deliv-
ered by the cell. Then, during the final 20% of discharge,
the voltage will again drop quite quickly to 0.9 volts or less.

This nearly flat discharge voltage characteristic of nickel-
cadmium sealed cell batteries is valuable in applications
that require a high voltage to operate efficiently, such as a
dc motor driven product, or where constancy of electrical
power output is important, for example in cordless drills,
tape players, portable televisions and shavers. A complete
discussion of the discharge voltage is given in Chapter 4.

6.2.12 High Energy Density

The watt-hours per kilogram provided by the nickel-cad-
mium battery are among the highest for a rechargeable sys-
tem. A lead-acid system capable of delivering the same
amount of energy would weigh considerably more and re-
quire more space than the equivalent nickel-cadmium bat-
tery. Thus, nickel-cadmium allows the design of small, light-
weight devices such as instruments, photo flashes, video
cameras and shavers.

= FEB 7 WAL m e N\
6.3 ECONONMIC CONSIDERATIONS

It is important for the designer to have a working knowl-
edge of the cost of nickel-cadmium batteries and how duty
cycles, use patterns, and application variations may affect
the economics of the battery system. The following discus-
sion treats the economic considerations of using nickel-cad-
mium batteries.

33)
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5.3.1 General

The use pattern of the battery-powered product, the peak
and average power levels required, the total amount of en-
ergy required, the duty cycle to which it is subjected, and
the recharge time allowable will all affect the economics of
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a battery system. The designer will have to consider not
only the first cost (procurement cost) of the battery, but the
operating cost (battery cost over the life of the product) as
well. The first cost of the battery is often incidental to the
value of the product and service rendered by that product.
In these products a General Electric nickel-cadmium bat-
tery with a long, reliable operating life requiring no special
attention is usually chosen.

6.3.2 Battery Duty Cycle

In earlier chapters the various discharge characteristics and
recharging rates which are part of a nickel-cadmium cell’s
normal duty cycle are discussed in detail. Three rates of
charge are categorized as (a) Standard-Charge at a rate which
requires overnight recharging time; (b) Quick-Charge, a
moderately rapid rate which recharges cells in several hours;
and (c) Fast-Charge, which uses the high-current capabil-
ity of nickel-cadmium sealed cells by recharging them in
about one hour or less.

For a rechargeable battery system, the duty cycle or use
pattern will have a significant impact on the required bat-
tery rating, hence size and cost. In Figure 6-1, three differ-
ent duty cycles are displayed. Each duty cycle requires the
same amount of energy from the battery in a 24-hour period.

A. The constant energy required in Cycle @ in Figure 6-1
for an eight-hour period suggests a battery capacity equal
to the total capacity required, say 2.0 ampere-hours, for
the eight-hour period (250mA X 8 hours = 2.0 ampere-
hours). This means that the battery capacity required
to satisfy the Duty Cycle @ in Figure 6-1 needs to be at
least 2.0 ampere-hours at an eight-hour drain rate. The
battery would be recharged during the 16-hour off pe-
riod at the 0.1C rate (200mA) so that it would be fully
charged for the next discharge period. This duty cycle
is an example of a standard-charge rate application.

B. The energy required for the duty cycle presented in Cy-
cle ® of Figure 6-1 is also 2.0 ampere-hours over the
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Figure 6-1 Possible Duty Cycles of Nickel-Cadmium Battery System

24-hour period, but it is split into two four-hour periods
of 1.0 ampere-hour each. The drain rate of 250mA is
the same. In this case, a smaller battery with a quick
recharge capability could be chosen. A 1.0 ampere-hour
battery with a 0.3C ampere recharge rate capability of
300mA could be used, and this would significantly re-
duce the battery size, weight, and cost. The battery, af-
ter a four-hour discharge, would be recharged during
the next four hours and be ready for the next discharge.
This would be a quick-charge application.

C. In Cycle © of Figure 6-1, the same energy and drain
rate (2.0 ampere-hours at 250mA) is delivered to the load,
but with at least a one hour off period between each
one-hour discharge period. A battery charger system
capable of one-hour recharge would help reduce the bat-
tery ampere-hour rating required. The battery would
have to deliver 250mA for one hour about every other
hour. A 250mAh battery (dramatically decreasing the
size of the battery) along with a special charger with
means of terminating the fast-charge current of about
250mA (1C) could meet this need. The fast-charge sys-
tem cost would be higher, so the higher charger cost
would offset some or all of the lower battery cost.

-
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As these three examples show, the duty cycle with a fast or
quick recharge capability can reduce battery cost, size, and/
or weight. The charger cost, however, increases with higher
power requirements and these trade-offs should be evaluated.

6.3.3 Voltage vs. Wati-Hour

In many applications the battery cost can be minimized by
optimizing the voltage-versus-watt-hour relationship. Us-
ing a small number (lower voltage) of large capacity cells is
an alternative to using a greater number (higher voltage) of
smaller capacity cells. The larger capacity cells could also
offer higher reliability by having fewer cells per battery.

6.3.4 Cost Per Watt-Hour

The first cost (or replacement cost) of a battery is frequently
evaluated in terms of cost per watt-hour. When the battery
cost is determined in these terms only, the nickel-cadmium
battery may be the more costly battery system. However,
evaluated over the operating life of the product to be powered
it very often becomes the most economical choice, particu-
larly when the maintenance and special care in storage re-
quired by other battery systems are considered. To deter-
mine the operating cost of the nickel-cadmium battery, one
can start by establishing the cost per watt-hour as a basis.

The nickel-cadmium cell is rated 1.2 volts dc. Hence, 1.2
volts times the ampere-hour capacity of the cell gives the
watt-hour rating of the cell. This product, multiplied by the

number of cells in the battery, yields the battery watt hour
rating as shown in the equation below. The cost of the bat-
tery can then be reduced to a common denominator of cost
per watt-hour:

Watt-hours = 1.2 X N X C

Where: 1.2 = Cell Voltage
N = Number of Cells in Series
C = Capacity of Each Cell (Amp Hours)
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6.3.5 Cost Per Watt-Hour Per Cycle or Per Year

As stated earlier, the true cost of a rechargeable battery is
the cost over the life of the battery. General Electric nickel-
cadmium batteries are designed so that in most applica-
tions they will often deliver hundreds of charge/discharge
cycles over many years. Tests have been performed on bat-
teries that demonstrate a life of generally well over 500 cy-
cles. The long operating life should be evaluated when de-
termining the true lifetime cost of the system.

6.4 ELECTRICAL CONSIDERATIONS

6.4.1 Cell Voliage—General Overview

The general cell-voltage response during a typical cycle is
shown in Figure 6-2. In this representation a fully discharged
cell is charged at the 0.1C rate in a 23°C ambient into the
overcharge state, rested, discharged, and then rested again.
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Figure 6-2 Typical Cell Voltage Response During Typical Duty Cycle
@ 23°C
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Figure 6-2 shows the voltages for each phase of this typi-
cal cycle. The voltage of a nickel-cadmium cell can vary
from about 0.6 volts per cell up to about 1.5 volts depending
upon the cell’s state of charge and whether it is being dis-
charged, charged, or is at rest. The useful discharge volt-
age range is normally 1.3 volts to 0.9 volts in typical appli-
cations. The normal standard (0.1C) rate charging voltage
range is 1.3 volts per cell up to 1.5 volts. Occasional devia-
tions from these limits may be observed in extreme temper-
ature environments, at high charge or discharge rates, when
the cell is new, or when the cell has been stored for an
extended period. (See Chapter 3 on charging.)

The discharge characteristics of a nickel-cadmium bat-
tery are quite different from the ordinary dry-cell battery.
Figure 6-3 presents the voltage characteristics under dis-
charge of an ordinary carbon-zinc and alkaline cell with
the rechargeable nickel-cadmium cell. The comparison
shown is for a discharge current of 800mA where both pri-
mary cells are “D” size. The voltage of the carbon zinc cell
falls quite rapidly as it is discharged, while the nickel-
cadmium cell discharge voltage is nearly constant for most
of the discharge. (See Chapter 4 on discharging.)

“D” SIZE CELL
w 1.5
% 1.4 800ma DISCHARGE RATE
= 1ST CYCLE *
2ND CYCLE
8 131NN
R £
e
<11
3 1.0
o \\
-+ 9
—
w
o 8
2
| !
10 11 12
TIME (HOURS)
— NICd *NiCd REQUIRES
— ALKALINE RECHARGE BEFORE
= o ==  CARBON ZINC 2ND CYCLE
Figure 6-3 Discharge Characteristics of Ordinary Dry “D” Size Cells

and Nickel-Cadmium Batteries
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6.4.2 Designing for the High Rate Capabitily of Nickel Cadmium
Batteries

Since nickel-cadmium batteries are capable of very high
rate discharge, care must be taken in the design of the prod-
uct so that neither the battery nor the conductors will over-
heat. A short circuit across a fully charged nickel-cadmium
battery can cause currents up to 100 C. The heat generated
from such large current can cause temperatures to rise
quickly with the possibility of a safety hazard.

The designer should be aware of this possibility and de-
sign the circuitry and/or physical barriers to minimize the
possibility of short circuits and to minimize the consequences
should a short circuit occur.

6.4.3 Low State of Charge Indicator

As stated in earlier chapters, the voltage and internal re-
sistance of nickel-cadmium batteries varies only slightly with
state of discharge so it is difficult to use these parameters to
determine state of charge. It is possible to determine when
a nickel-cadmium battery is fully charged or when it is fully
discharged. Between these extremes, variation of the bat-
tery voltage and internal resistance parameters with tem-
perature, battery history and other environmental factors
usually make them poor indicators of state of charge.

Figure 6-4 shows an example of how voltage sensing might |
be used to attempt detecting low state of charge. The sig-
nal voltage at level @ will correctly indicate a low state of |
charge for a battery in history/temperature condition C,.
However, if the battery condition becomes C,, the low bat-
tery signal will be premature. If low state of charge detec-
tion were at level @, this problem would be avoided. (See
Section 4.5).

One way to obtain a state of continuous charge indica-
tion is to use integrators or coulometers that monitor the
amount of energy taken out of the system and work very
much like coulometers used in charging (See Section 3.7.1).

GENERAL 3 ELECTRIC 6-13




Application

SIGNAL VOLTAGE LEVEL A

SIGNAL VOLTAGE LEVEL B

VOLTAGE

¥
I
|
i
|
]
|
!
5
!
i
3

}
50% 100%

% CAPACITY

Figure 6-4 Signal Voltage vs. Capacity

Such an integrator normally ignores self-discharge. When
reset to 100% at the end of each full charge, it will provide
only short-term accuracy.

6.4.4 Proper Yoltage Selection

Nickel-cadmium batteries can, in certain applications, fail
to meet performance expectations due to improper selec-
tion of the number of cells in the battery pack. In certain
use patterns and application environments the battery dis-
charge voltage may be depressed. This is caused by previ-
ous history, temperature, rest time, and time on charge.
(See Section 4.5.) However, these voltage variations need
not be of concern if they are accounted for during initial
design. In the case of a 5-cell pack, for example, full capac-
ity will be achieved with 1C rate discharge to a voltage of
4.5 volts (0.9 volts per cell or 0.75 MPV). If 5.4 volts were
required as the minimum operational voltage for the end
product, the battery would fail to deliver its full capacity, in
some circumstances (such as low temperature), since this
would represent 1.08 volts per cell, or 87% of MPV. Accord-
ingly, a battery with 6 cells is correct in this example to

6-14 GEMERAL §5 ELECTRIC



Application

achieve full capacity utilization under all environmental con-
ditions for the minimum required voltage (RAV) of 5.4 volts.

Proper design (RAV = 0.75 X MPV) also will avoid possi-
ble voltage depression (sometimes called memory) without
the need for conditioning cycles.

In general, the higher the drain rate the lower the cutoff
voltage to be used. The formula provided in Section 4.5 gives
the voltage which nickel-cadmium battery products should
accommodate to permit full utilization of battery capacity.

6.4.5 Maximum Power Discharge

When discharged at relatively low rates (2C rate and less),
the maximum amount of electrochemical energy that is con-
verted inside the cell is delivered to the external circuit.
These low rates are typical of energy type discharges. How-
ever, as the discharge rate is increased, more and more volt-
age is dissipated by the effective internal resistance of the
cell. A smaller and smaller portion of the converted energy,
therefore, is delivered to the external circuit. The actual
power delivered to the external circuit, however, increases.

The linear effect of discharge rate on deliverable voltage
is shown on the conventional delivered power curve for
power sources of Figure 6-5. This curve demonstrates that
for maximum power delivery from a given size cell, the
discharge rate should be approximately one-half the short-
circuit current. This is the conventional matched imped-
ance operating point, where load resistance equals source
resistance, for maximum power transfer.

At the maximum power operating point (P..) approxi-
mately one-half of the converted power is actually deliv-
ered to the external circuit, while the other half is dissi-
pated internally in the cell as heat. The P, point occurs at
a maximum power current (I} discharge rate. I, is the
discharge current at which the cell delivers maximum power
to the external circuit. I, for a source with a linear load
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Figure 6-5 Battery Power Output

regulation line is one-half the short-circuit current (I.) and
coincides with a delivered voltage which is one-half E,, the
effective cell no-load voltage. Operation of the cell in the
I, condition, therefore, produces the maximum delivera-
ble power and an equivalent amount of internal heating. It
also has a delivered capacity which is less than its C rate
capacity because it is operating at a relatively high discharge
rate. In addition, each unit of discharge capacity is deliver-
ing only one-half of the amount contained in a maximum
energy discharge. The use of this operating point, however,
does permit the use of the minimum sized cell required to
provide a particular amount of power.

A note of caution should be provided relative to operation
at maximum power rates. Since approximately one-half of
the converted energy ends up in the form of internal bat-
tery heat, the temperature rise of the cell could be exces-
sive if all of its energy were consumed on one discharge
without allowing time for cooling between partial discharges.
A total discharge at the I,,, rate, without cooling, could raise
internal temperatures by more than 50°C. For this reason,
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the application engineer may have to consider special heat
sinks or forced air cooling to dissipate the heat.

I, and R, are related by:

EJ/2
R.

Imp

In fact, I,,, has some advantages over R, in its ease of use
in design calculations. First, I, is a property of the basic
cell which, unlike R, remains constant for any battery made
from that cell, independent of the number of cells connected
in series. R, for a battery is approximately equal to N times
R. of the individual cell. Second, both the capacity and the
weight of a cell are approximately proportional to its I,
value, but inversely proportional to its R, value. When cells
are placed in parallel, capacity, weight and I, are all the
sum of the individual values, while R, is the inverse of the
sum of the individual cell values. Third, the maximum de-
liverable power from a cell is proportional to its I,,,, capabil-
ity so that an 1, rating for a given cell directly indicates its
maximum power capability.

%.4.6 Paralle! Discharge

Nickel-cadmium sealed cells are generally connected in se-
ries to achieve a desired voltage. The capacity available for
discharge is then governed by the cell size (amp-hour) se-
lected. However, batteries may be connected in parallel dur-
ing discharge to obtain greater capacity.

Connecting two nickel-cadmium batteries of equal or un-
equal capacities (cell size) in parallel results in the com-
bined effect shown in Table 6-1.

Since the terminal voltage of both batteries must be equal,
no instabilities exist when sharing the discharge load current.
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DISCHARGE OF CELL A

AND CELL B IN PARALLEL COMBINED EFFECT
NO LOAD VOLTAGE SAME AS EITHER CELL
CAPACITY SUM OF CAPACITIES OF CELL A AND CELL B

| SUM OF I, (CELL A) and Iy, (CELL B)

mp
R, (cell A) x R, (cell B)
Rg (celi A) + R, (cell B)

Re

Table 6-1 Parallel Discharge

A problem with parallel connected batteries arises in
charging. Parallel charging could result in improper shar-
ing of charge current, resulting in battery damage. It is
necessary to have a series/parallel switch or electronic sys-
tem to allow only discharging in parallel. (See Section 3.6.4).
Do not charge sealed nickel-cadmium batteries in parallel.

6.5 PHYSICAL CONSIDERATIONS

(<]

8.5.1 Proper Location of the Battery with Respect to the Cherger
A primary consideration in properly locating the charger
relative to the battery is charger heat. Transformer/rectifier
type chargers, covered in Chapter 3, generally produce a
i significant amount of heat. If this heat is allowed to be trans-
ferred to the battery the increased battery temperature can
shorten battery life (see Chapter 5). Therefore, it is usually
best to locate the transformer at a distance from the battery,
such as a remote wall outlet supported charger, or thermally
insulate it from the battery.

Capacitive chargers produce less heat than equivalent
transformer chargers and may be a solution if it is impor-
tant to mount the charger close to the battery. Capacitive
charging is discussed in Section 3.6.2 and a typical circuit
is shown in Figure 3-17.
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6.5.2 Battery Enclosures and Form Factor

The battery enclosure may have a significant adverse im-
pact upon battery life if not designed properly to prevent
the cell’s temperature from rising significantly in overcharge.
The most common battery enclosures are made from plas-
tic materials that are resistant to alkaline solutions and have
a high impact strength. Metal housings are sometimes used,
but metal requires careful design and assembly to avoid
shorting of the cells in the battery pack. Aluminum is not
recommended for enclosures because in the event that any
leakage did occur the electrolyte from the battery would
react with the aluminum.

A good battery form factor allows for air movement around
cells to help reduce temperature rise in overcharge. For ex-
ample, a four-cell “AA” stick (cells connected end-to-end)
would have a greater surface area for heat dissipation and
therefore lower overcharge temperature than would four
“AA” cells in a square configuration.

6.5.3 Batiery Assembly

Welded interconnects are usually preferred to the pressure
contact holders common with primary (throw-away) cells.
Frequently replacing the primaries gives some wiping ac-
tion to the contacts but even then they may offer a high
resistance charge/discharge path. The General Electric

nickel-cadmium rechargeable battery will usually give years |

of service before needing replacement; thus, a wiping ac- |
tion would seldom occur to the pressure contacts. Com-
plete battery assemblies in overall plastic shrink wrap,
vacuum-formed or injection-molded plastic cases, with wire
leads and connectors, are more suited to rechargeable devices.

In older packs, replacement of individual cells as they
wear out is usually not practical as all the cells have a simi-
lar life. Also individual cell replacement may result in mix-
ing cells of different internal construction into one pack.
For these reasons, batteries should normally be replaced as
entire packs.
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Never solder directly to the nickel-cadmium cells, only
to solder tabs or wire leads. A hot soldering iron placed
directly on the cell is likely to cause seal ring and vent seal
damage as well as damage to the separator systemes.

6.6 ENVIRONMENTAL CONSIDERATIONS

6.6.1 Temperature

High and low temperature applications will require some
special considerations. Incremental charge acceptance is
reduced at elevated temperatures. Charging time will there-
fore need to be extended to gain maximum advantage of
available capacity. However, even with extended charge time
the battery may not be capable of storing as much capacity
as if charged at room temperature. (See Chapter 3 on high
temperature charging.) Low cell temperature will also re-
duce the actual cell capacity as discussed in Chapter 4. Two
high temperature alternatives are available. One is to charge
at room temperature and discharge at the high tempera-
ture. The other is to oversize the battery to allow for the
reduced available capacity at the operating temperature as
shown in the applicable specification sheet. In both cases a
high-temperature Goldtop® cell can give the longest ser-
vice life. The discharge voltage can also be altered by low
temperature and this should be taken into account during
product design. High temperature environments will also
increase the rate of self-discharge, as discussed in Chapter 4.

Another consideration for high temperature use is its ef-
fect on reducing battery life, discussed in Chapter 5.

Ventilation of the battery pack is important to minimize
the adverse effects of high temperatures that may develop
from the self-generated heat of a large battery when con-
tinuously overcharged. See Figure 3-9 for calculating an
estimate of heat rise of a battery in overcharge. (Also see
Chapter 7 on safety requirements of ventilation.)
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Charging at low temperature requires special control that
will reduce the rate of charge as the temperature becomes
lower and which will allow little or no charging below
—20°C. The charge current values for low temperature
charging are described in Section 3.6.5. Low temperature
discharging is acceptable but battery capacity must be
derated from room temperature capacity; therefore run time
is reduced. Delivered voltage may be reduced by the in-
crease in R,, particularly at high discharge rates (see Sec-
tion 4.2.3). Again, proper design should eliminate voltage
problems during use.

At low temperatures the discharge rate has a great effect
on deliverable capacity. Both the midpoint voltage and avail-
able capacity will be significantly reduced as discharge rate
is increased. (See Section 4.2.4.) Sel discharge is reduced
at low temperatures.

6.7 OTHER CONEIDERATIONS
8.7.1 Using Batteries in Charged State

Nickel-cadmium batteries are typically shipped in a dis-
charged state. Charged batteries can present a handling as
well as safety problem because of their ability to deliver
large amounts of current that can, when shorted, cause
burns. General Electric does provide charged batteries for
special customer requirements, but this requires special pre-
cautions by the OEM who specifies charged batteries. If an
inspection process is designed around using charged bat-
teries, inventories must be accurately controlled to avoid
in-process problems of no charge resulting from self dis-
charge. Also special handling procedures are mandatory
for charged cells. (See Chapter 7 on safety.)

In-process charging is the common solution when charged
batteries are required, allowing ease in handling and flexi-
ble inventory control. The device may be tested from console
power while at the same time slightly charging the battery.
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In this case, battery power is then only used to verify that
the battery is in the circuit and to check parameters such
as correct polarity wiring by observing motor rotation.

6.7.2 Inventory

Batteries should be used on a first-in, first-out (FIFO) sys-
tem. Battery life degradation, as covered in Chapter 5, is a
function of time, even if the battery is never used. As tem-
perature increases, the degradation rate of the battery in-
creases, making it desirable to keep inventory between 0°C
and 30°C when practical. Storage is covered in detail in
Chapter 5.

6.7.3 Agency Listing of Chargers

Charging from a wall outlet type electrical source usually
means there will be a desire for agency safety evaluation or
listing of the charger. One advantage of the remote charger
is that agency listing can, for many charger types, be ob-
tained separately from the product containing the battery. In
many instances this eliminates any need for the battery
powered device to be evaluated by the agency, as it is not
directly connected to ac line voltage. Charger manufacturers
frequently offer agency listed standard charger types.

6.7.4 Detachable Chargers

When a detachable charger is disconnected from a battery,
or device, the terminals of the battery may be exposed and
could be shorted by pencil tips, paper clips, coins, etc., re-
sulting in rapid high discharged energy. Methods of pre-
venting unwanted rapid discharge include (1) placing the
rectifying element (diode) within the battery rather than
the charger, (2) placing a current limiting device (fuse or
resistor) between one cell within the battery and the charg-
ing terminal, and (3) appropriate design of the polarized
connector which obviates the possibility of simultaneous
contact of the battery power terminals.
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6.8 TYPICAL APPL
NICKEL-CADM

6.8.1 Standby Power

CATIONS FOR SEALED
U

B
UM BATTERIES

Batteries are the power backup source for uninterruptable
power supplies used to provide emergency power for alarms,
lighting systems, and computers in case of a power failure.
Nickel-cadmium batteries are ideal for these applications
as they are capable of continuous overcharging and can
tolerate a wide range of temperatures. Figure 6-6 shows a
battery as an integral part of the power supply. The battery
acts not only as an alternate or portable power source, but
it may also provide sufficient filtering, replacing the com-
mon electrolytic filter capacitor.
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Figure 6-6 Power Supply for Battery Power Source
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Applications using nickel-cadmium batteries in room tem- |
perature environments (0°C to 35°C) need little special con- |
sideration other than the heat generated by continuous
overcharge current.

Systems that are mounted in exterior environments where
very low temperatures occur will require charge control.
(See Section 3.6.5 and Figure 3-21.)

High temperature environments create special problems.

Cell life is reduced by high temperatures. This must be
considered when designing for battery locations, e.g. near
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a fluorescent ballast or in an enclosure having poor heat
transfer. In addition to a potential reduction in operating
life at high temperatures, the charge acceptance is less. In
a lighting fixture where the battery is continuously held at
a high temperature (40°C to 60°C) due to lamp/ballast heat,
the battery may not attain a capacity as high as the 23°C
cell specification rating (see Figure 3-2, Section 3.2.1.). When
charged at high temperatures the battery will deliver only
a portion of its room temperature capacity. If the battery
continues to receive charge current after the lamp/ballast
is turned off, thereby allowing the battery temperature to
drop to room temperature at some point in the day, full ca-
pacity may be achieved. The chemistry used in cell manu-
facture influences high temperature charging so the cell
product specification for charge acceptance vs. tempera-
ture should be examined. High temperature charging is
discussed in Section 3.6.6.

Figure 6-7 shows a simplified circuit for emergency light-
ing which provides power to the lamp when ac line power
is interrupted. The system includes a charging circuit to
keep the battery charged when ac line voltage is present.
Relay contact &) is open when line power is on but closes
when the relay coil is de-energized due to a power outage.
When the relay contacts close, the battery supplies current
to the emergency lamp. When ac power returns to the cir-
cuit, relay contact &) opens and the lamp is turned off. The
battery is again charged, giving a simple and completely
automatic emergency lighting system.

Ki

Figure 6-7 Simplified Circuit for Emergency Lighting
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6.8.3 Electronic Loads

Batteries are frequently mounted directly on printed cir-
cuit (pc) boards as a local source of uninterruptable power
for electronic memory. Some special charging circuits have
been developed to serve these applications, with some ex-
amples shown in Figure 6-8.

One special precaution that should be followed for these
applications is avoiding storage of the battery while it is
connected to a load. Nickel-cadmium batteries should be
stored in an open-circuit condition. Even the very small
current drain of a micro-chip can have an adverse effect on
the battery in storage. Once the battery is completely dis-
charged and the battery voltage is held near zero, this loaded
storage condition can induce leakage of electrolyte from
the cell. It is therefore preferable to design the load circuit
so the battery may be placed in open circuit during long-
term storage in warehouses, retail stores, or other situa-
tions of long-term idleness. Many times this is accomplished
by making the battery circuit incomplete until the pc board
is inserted into the device or insulating the battery with a
non-conductive material that is removed when the device
is placed in operation. Since this is not practical in all appli-
cations, special cells have been developed that are highly
resistive to the adverse effects of loaded storage. (See Sec-
tion 5.7.3.)

An example of the nickel-cadmium battery used for stand-
by power is a small computer which uses MOS semi-
conductor memory. Power input to the memory must be
maintained above a certain voltage to avoid loss of data.
If voltage to the memory is reduced below a critical level,
the entire contents of the memory would need to be re-
trieved and read back into the memory once normal power
service was resumed. The battery provides proper memory
support power. The block diagram in Figure 6-9 illustrates
this application.

One method of accomplishing the instantaneous transfer
to the battery power is shown in Figure 6-10. The battery is
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Figure 6-8 Some Special Charging Circuits for Batteries Providing
Standby Power to Electronic Circuits
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Figure 6-9 Diagram of Nickel-Cadmium Battery Used as Standby Power
in Small Computer

selected so that the battery charge voltage minus the thresh-
old voltage of the rectifier is slightly below the normal dc
voltage level, &), of the power supply when normal ac power
is on. Rectifier isolates the battery from the equipment
when the ac power is on. When the power is interrupted,
€2 begins to drop, but because the battery power is avail-
able, € drops only to €) minus the voltage across @, and
the circuit continues to function. In this type of circuit, the
load must be able to operate adequately on that slightly
lower voltage.

o
POWER r

AC E,
POWER SUPPLY ‘# LOAD
o

CR,
BATTERY BATTERY E
CHARGER 1

Figure 6-10 One Method of Instantaneous Transfer to Battery Power
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6.8.4 Intermittent Surge Power

The high-rate discharge capability of nickel-cadmium bat-
teries permits their use in applications requiring short-time,
intermittent surge power. In such applications the battery
is under constant charge. When the periodic need arises
for a relatively large amount of power beyond the capability
of the power supply, the battery delivers that energy. This
is similar to a capacitor energy storage/discharge function,
but differs in that the battery is capable of much longer
periods of discharge time at higher power levels.

An example of this application is the telephone line car-
rier equipment that allows a second private line of com-
munications in a location where only one set of telephone
lines is available. The communication signal is modulated
at the telephone central switching station, transmitted
on the one set of lines available, and demodulated at the
phone receiver location. The battery is continually charged
at low rates over the telephone lines. When the telephone
is called, the battery supplies the energy required to ring
the bell and sometimes even the energy required for the
voice communication.

6.8.5 Motor Loads

General Electric nickel-cadmium batteries are used in a
variety of motor driven devices, for example, electric
toothbrushes, shavers, garden tools, power tools, starter
motors, tape recorders, and radio-controlled hobby cars.
Battery selection requires a thorough understanding of the
motor characteristics as well as the gear trains, fans, blades
or other power train components. Motor design and battery
selection go hand in hand and are discussed in this section.

Trade-offs in battery selection, as in other applications,
must include size, weight, run time, performance and eco-
nomics. The battery voltage regulation is a major consider-
ation for motor design. It is shown in Figure 6-11. E, is the
effective open circuit voltage, and the slope of the line is a
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result of the effective internal dc resistance (R,) of the bat-
tery (See Section 4.2).

/ BATTERY CHARACTERISTIC

- VOLTAGE

CURRENT

Figure 6-11 Typical Battery Voltage-Current Characteristic

Battery discharge characteristics depend upon both the
number of cells and the type and size of cells. In general,
effective internal resistance is in approximately inverse pro-
portion to cell capacity (size). However it can also vary within
a cell size depending upon cell design.

When the cells are connected in series the individual re-
sistances will combine to yield the effect shown in Figure
6-12. The battery characteristics also vary depending on the
state of charge. Figure 6-13 shows this variation for resid-
ual capacities from 100 percent to 20 percent.

Figure 6-14 adds the motor stall line characteristic to the
battery supply characteristic of Figure 6-12. By adding con-
stant torque curves the full family of characteristics is
shown in Figure 6-15. The relationship between torque and
speed may now be observed over 80 percent of the battery
capacity and interpreted at any point between the limits.
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Figure 6-12 Characteristics of 10-Cell and 12-Cell Batteries for Two
Cell Types

FULLY CHARGED CHARACTERISTIC
(100% CAPACITY)

BATTERY VOLTAGE
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BATTERY CHARACTERISTIC
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Figure 6-13 Battery Characteristic at Different States of Charge (Per-
cent Capacity Remaining)
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MOTOR STALL LINE
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BATTERY
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Figure 6-14 Stall Line of Motor and Battery Characteristics
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Figure 6-15 Motor Speed-Torque, and Battery Characteristic
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Trade-offs between operating battery/motor power transfer
and the total system run time may need to be considered
during the process of matching the battery/motor/load com-
ponents in a specific system. The characteristics of the mo-
tor and any load device may be conveniently combined in
the form of input-output diagrams. For example voltage vs.
current input characteristics of a motor may be overlaid by
torque vs. speed output. The characteristics of a load de-
vice, such as for example the pressure vs. volume output of
a blower or pump, may be substituted directly for torque/
speed scales in the case of an additional system element on
the output of the motor. The characteristics of a battery
under consideration may then be plotted directly on the
voltage/current scales to determine system output per-
formance and allow calculation of system run time from
the battery capacity at the discharge rate selected. Adjust-
ments in the characteristics of any individual element may
then be made and the effects observed in terms of total
system performance.

Figure 6-16 illustrates the E vs. I operating points required
by a motor in order to extract equal amounts of power from
three different battery selections. This curve could be used

EQUAL POWER LINE
— w= BATTERY TYPE 1 CHARACTERISTIC

. e=sw= BATTERY TYPE 2 CHARACTERISTIC
N -~ BATTERY TYPE 3 CHARACTERISTIC

R \
NN

VOLTAGE

b 13
CURRENT

Figure 6-16 Equal Power for Three Battery Types
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to match three different motor designs to produce equiva-
lent output torque/speed under the assumption that all three
motors are designed to operate at the same efficiency over
this range. Calculation of the run time available from each
of the three combinations, as a result of the three different
battery drain rates and probably three different battery ca-
pacities at those rates, will then permit selection of the
battery/motor combination providing the longest runtime
under otherwise equivalent system performance.

General Electric nickel-cadmium batteries are well suited
for the heavy motor load applications found in power tools,
such as drills. These tools require high levels of power com-
bined with a lightweight battery. The General Electric
nickel-cadmium battery is capable of handling very heavy
drain rates for a moderate period of time while maintaining
high voltage so that a maximum amount of power is deliv-
ered to the load.

Applications with normal operation drain rates of 5C to
20C are common with some power tools requiring as much as
30C for short periods of heavy load that approach motor stall.

The ability of General Electric nickel-cadmium batteries
to withstand shock and vibration, to be quickly recharged,
and to be stored in any state of charge, makes the General
Electric nickel-cadmium batteries the ideal power source
for cordless power tools and appliances.

6.8.5.2 Light Motor Loads

General Electric nickel-cadmium batteries are widely used
in household products that have operating loads of 1 to 10C
rate such as cordless vacuums, toothbrushes, shavers and
mixers. Here the battery provides a small lightweight power
source that is kept always ready by maintaining it on charge.
The high energy density and ability to withstand continuous
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overcharge make the General Electric nickel-cadmium
batteries ideal for these cordless appliances.

2O ARANET e . AN
6.9 CONSU VAl CoDUCT

Nickel-cadmium batteries are used to power many consumer
devices. Mixers, telephones, flashlights, camera flashes, and
portable computers are a few examples.

As most consumer devices are not provided with special
low-temperature charge control, the operating instructions
should advise the customers not to leave the unit on charge
where temperatures may be below freezing, such as in ga-
rages and tool sheds during winter. Low temperature charg-
ing is'covered in Section 3.6.5.

The consumer should not expect the device to operate
before the battery is charged and should be instructed to
fully charge the battery prior to use. In some cases this
instruction is printed on tape placed over the operating switch
where the customer cannot miss it, thus eliminating un-
necessary returns of devices perceived as inoperable.

Another potential misunderstanding results when a
charger is plugged into an outlet controlled by a switch
that is off and the battery does not get charged. This situa-
tion can be avoided by incorporating a charging indicator,
such as a Light Emitting Diode (LED), to positively indi-
cate that the battery is receiving charge current.

Portable computers offer unique charge and discharge pos-
sibilities as the computational ability may be tapped to con-
trol fast charging. It can also integrate discharge current
and self-discharge to give a measure of capacity. Computer

&)
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controlled charging must always be fail-safe. The computer
program should evaluate battery status and turn on high-
rate charging. Using one of the fast-charge control methods
from Chapter 3, the computer switches to trickle rate when
the battery reaches full charge. Any program interruption,
signal interference, or programming error must result in
low-rate charging.

Radio controlled (RC) cars, boats, and planes are in wide-
spread use both as adult hobbies and children’s toys.

The transmitter and receiver batteries usually require no
special knowledge as they are typically charged and dis-
charged at standard rates. However, in RC hobby cars where
the nickel-cadmium battery provides the power for rac-
ing, battery knowledge can provide the winning edge.
These race car batteries are typically fast-charged and high-
rate discharged.

A full charge is essential to finishing the race. As exces-
sive battery temperature reduces charging efficiency, ac-
tual cell capacity and voltage, fast-charge control schemes
that minimize battery heating while ensuring full charge
are best. Therefore TCO or negative dV/dt systems, possi-

bly with some low-rate topping charge, may provide the .
best capacity input. Batteries should be allowed to cool af- :
ter discharge between races before attempting recharge. " ;
When not in use, batteries should be stored in a cool envi- L .. ..

ronment (15-25°C).

As motor speed is typically directly proportional to bat-
tery voltage, a low internal resistance (R.) GE®22™ cell should
be chosen to deliver the highest battery voltage at high dis-
charge currents. The R, of the battery will be the total of all
the cells plus the interconnections and lead assemblies. A
battery of series-connected cells can only yield the capacity
of the lowest capacity cell in the pack.
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For maximum performance the time between charging
and use should be minimized to lessen the effects of self-
discharge.

The serious hobbiest should be familiar with previous
sections on fast-charging, high temperature charge accept-
ance, R./voltage, and battery/motor matching. Knowledge,
experimentation, and selection of General Electric fast-
charge GE=2™ cells with low R, will yield the highest volt-
age and capacity.

6.8.4 Toys

Nickel-cadmium rechargeable batteries used in toys elim-
inate the constant incremental cost of new primary bat-
teries, thereby reducing the lifetime cost of the toy.

A second advantage of nickel-cadmium batteries is the
nearly constant discharge voltage, resulting in a uniform
performance level. This is unlike primary batteries whose
voltage decreases as capacity is used, resulting in decreas-
ing performance. The toy using General Electric recharge-
able nickel-cadmium batteries will not experience a grad-
ual performance decrease. When the device no longer runs
a simple recharge will place it back in service, extending
play without battery procurement problems.

Two sets of batteries, one in the toy and one on charge,
may ensure that play is not interrupted waiting for batter-
ies to recharge and will essentially allow continued use of
* the toy.

£.9.5 Portable Audio/Video

Nickel-cadmium batteries are an ideal choice for portable
audio/visual devices as they have the desired features of
high energy density, long cycle life, and can be stored in
any state of charge, as well as on charge. However, care
should be taken that batteries left on overcharge do not
experience high temperatures which limit their life.
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6.10 MILITARY

General Electric sealed nickel-cadmium cells are used in
many military applications including submarines, avionics,
missiles, portable infantry communications, detectors, in-
struments, emergency lights, remote targets, laser desig-
nators, as well as common flashlights.

Generally these applications require the ability to oper-
ate in environmental extremes, the strength of construc-
tion to withstand shock and vibration, and the assurance of
excellent quality and reliability.

General Electric sealed nickel-cadmium cells are manu-
factured to meet the sometimes stringent military require-
ments of the battery, including first article testing and on-
going piece part inspections. Typically they are shipped with
certificates of conformance.

Due to the specialized nature of these applications, per-

formance requirements should be discussed with General
Electric application engineers at the feasibility study stage.

6.11 SUMMARY

The preceding discussion illustrates the benefits, cost
effectiveness, and usefulness of the General Electric nickel-

cadmium sealed-cell battery. Highlighted strengths of these

batteries are their long operating life, high-rate discharge
capability, simple storage, ruggedness, ability to operate
in a broad range of environments and positions, and con-
tinuous overcharge capability. Careful attention to circuit
design and matching the battery to the load will help the
designer realize the full potential of General Electric nickel-
cadmium batteries.

This chapter has also emphasized the economic advan-
tages of using the General Electric nickel-cadmium bat-
tery. The long service life of the battery and simplicity of
the charger should be major considerations in determining
the true cost of a system.
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A range of uses, including standby power for alarms, light-
ing systems, and computers; power for heavy load applica-
tions such as in power tools; and light-weight power for
consumer devices such as shavers and portable computers,
as well as military uses, makes the General Electric nickel-
cadmium battery an attractive choice.
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7.6 NOTICE TO READER

DO NOT PUT IN FIRE OR MUTILATE; MAY BURST OR RELEASE
TOXIC MATERIALS.

DO NOT SHORT CIRCUIT; MAY CAUSE BURNS.

Potential hazards may arise from the improper use of sealed
nickel-cadmium rechargeable batteries. Manufacturers and
assemblers of battery-using products or systems should
ensure that the systems are properly designed and that ade-
quate battery handling procedures are in place. Where ap-
propriate, the end-use consumer should be made aware of
these potential hazards and ways to avoid them.
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In the following sections potential hazards from the im-
proper use of batteries are discussed individually along with
the principles for avoidance.

7.2.1 Chemical Burn—Elecirolyte

The electrolyte used in most nickel-cadmium cells is a
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mixture of potassium hydroxide (KOH) and water to a con-
centration of approximately 30%. This material is a strong
caustic, is classified as corrosive, and can cause significant
chemical burns if it touches human tissue. In the event
that a sealed cell should leak, protective gloves should be
worn when handling the cell. Never rub your eyes if elec-
trolyte gets on hands or fingers. First aid treatment requires
that the caustic material be diluted with copious amounts
of clean water. Medical attention should then be sought if a
significant amount of KOH was involved or if the caustic
material touched the eyes.

7.2.2 Ingestion—VYery Small Sealed Celis

Most cells are too large to be swallowed but cells of any size
should never be placed in the mouth, nose, or ears. Damage
to tissue may result from chemical and/or electrical burn-
ing. A physician’s care should be sought in all cases of in-
gestion or where the cell becomes lodged in the nose or
ears. In all cases of ingestion, the progress of the cell through
the body should be carefully monitored and surgical inter-
vention is usually indicated if the progress is stopped. Cells
lodged in the nose or ears should be immediately removed
by the physician.

7.2.3 Burns or Excessive Heat from High-Rate Discharge

The nickel-cadmium cell can deliver power at high rates.
Typical maximum discharge rates for nickel-cadmium can
cause short circuit currents as high as 100C. Accordingly,
the rate of power delivery should be adequately controlled
by the end product using this power source. Furthermore,
care must be exercised in the handling of the cell and in its
application to avoid external shorts. Accidental short circuit-
ing may be caused by a number of conditions: a) placing an
uninsulated multi-cell battery on a metal shelf or bench;
b) using uninsulated tools when working in the vicinity of
the battery; c) wearing rings, metal watch bands, I.D. brace-
lets, and other jewelry without suitable insulating protec-
tion; or d) carrying coins or keys in your pocket with a bat-
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tery. Due consideration must also be given to the capability
of large battery assemblies of many cells in series to arc
along paths which have become contaminated. This arcing
can result in a carbonized path, eventually resulting in the
equivalent of a short. The very high rate short circuit cur-
rent that may flow into an external short or along a carbon-
ized path can cause significant heating with terminals or
wires becoming very hot. The heat could then potentially
ignite adjacent flammable materials. The safety design of
end products should consider this power rate delivery ca-
pability. For example, a discharge current limiting device
such as a fuse, resistor, diode, or circuit breaker, may be
used in the circuit to prevent flow to external causes of
short-circuit currents.

7.2.4 Electric S8hock

Battery assemblies of more than 30 cells in series present
voltages greater than 43.5 volts when on charge. This volt-
age is generally considered the threshhold of electrical shock
capability. Appropriate design measures should therefore
be taken, warning labels should be provided, and the battery
assemblies should be handled carefully.

7.2.5 Proper Disposal

Do not mutilate batteries, as corrosive electrolyte can be
released (see 7.2.1). Do not dispose of sealed nickel-cadmium
cells in a fire, as they may burst explosively or release toxic
fumes. Disposal of cells in a charged condition is not rec-
ommended for the reasons set forth in 7.2.3. In disposing of
a single lot of a large number of batteries give appropriate
consideration to the total amount of toxic materials in the lot.

Dispose of in accordance with Local, State and Federal
environmental regulations.

7.2.6 Venting

Nickel-cadmium cells can produce hydrogen and oxygen
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which under some conditions may be vented from the cell.
A mixture of hydrogen and oxygen or hydrogen and air
will explode if ignited. Mixtures from approximately 5 per-
cent hydrogen to over 90 percent hydrogen are explosive.
Maximum explosion pressure multipliers of approximately
9 times may be realized with the most explosive mixture
(stoichiometric) of 66 percent hydrogen and 33 percent ox-
ygen. Pressure multipliers decrease as the hydrogen con-
tent is diluted or enriched from that value. Approximately
0.3cc of H,0 will electrolyze to gas per ampere-hour of elec-
trolysis input and yield about 415¢cc of H, and 207cc of O, at
one atmosphere. Cells have roughly 2cc of water per am-
pere hour of rated capacity. As with automobile batteries,
potential ignition sources should not be allowed in the
vicinity of batteries in overcharge.

Most sealed nickel-cadmium cells will not vent sufficient
amounts of gases to develop an explosive environment but
precautions must be taken to provide ventilation holes to
diffuse the atmosphere inside the compartment (such as a
plastic case) which encloses the battery. Completely sealed
battery compartments are not acceptable; ventilation of
some sort must be provided. This is particularly true for
Fast-Charge applications where failure to terminate the fast-
charge current would cause rapid venting of the cell.

In the highly unlikely event that the safety vent of a
sealed cell becomes inoperative while subjected to abuse,
under some conditions the internal pressure could become
sufficient to separate the cover from the can. The remote
possibility of such an occurrence is further reduced by min-
imizing the occurrence of abusive situations which could
damage the vent mechanism or generate excessive gases.

PRODUCT

Batteries are used in many products designed for use in
emergency situations where reliability of the product is very
important. The product designer should use great care in
integrating the battery into the product and in selecting the
appropriate size and type of battery. The designer must also
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consider the inherent characteristics and performance of
the battery. Thorough instructions on proper use, storage,
and charging practices should be provided to the user. A
periodic test procedure is advisable as well as a warning
that will unmistakably indicate that the battery is no longer
functional or that its condition or performance is no longer
adequate for the application.

When a detachable charger is disconnected from a battery,
or device, the terminals of the battery may be exposed and
could be shorted by pencil tips, paper clips, coins, etc., re-
sulting in rapid high discharged energy (see 7.2.3). Meth-
ods of preventing unwanted rapid discharge are described
in Section 6.7.4.

7.5 SUMMARY

Improper use, handling, or disposal of nickel-cadmium cells
can pose hazards. Batteries should not be put in a fire nor
mutilated or abused, especially in ways that would release
their contents. In handling batteries or applying them to
devices, care should be taken to avoid any short circuit and
to otherwise limit any high-rate discharge.

WARNINGS

The WARNINGS set forth below should generally be com-
municated to each ultimate user of nickel-cadmium bat-
teries (cells). They should appear in an appropriate and
effective location for each end product.

7.5.1 DO NOT incinerate or mutilate; may burst or relesse toxic
materials.

7.5.2 DO NOT short clrcuil; may cause burns.
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Safety

7.6 NOTICE TO READER

It is the responsibility of each user to ensure that each bat-
tery application system is adequately designed, safe and
compatible with all conditions encountered during use, and
in conformance with existing standards and requirements.
The circuits contained herein are illustrative only and each
user must ensure that each circuit is safe and otherwise
completely appropriate for the desired application.

This Handbook and its appendices contain information
concerning products manufactured by General Electric
Company. This information is generally descriptive only
and is not intended to make or imply any representation or
warranty with respect to any product. Cell and battery de-
signs are subject to modification without notice. All prod-
uct descriptions and warranties are solely as contained in
formal offers to sell or quotations made by General Elec-
tric Company-.
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LIST OF ABBREVIATIONS

Abbreviation Description

A/D analog to digital

ac alternating current

A ampere

Ah ampere-hour

°C degree Celsius

C rate as a function of capacity
cm centimeter

CP constant potential

CPRV cell polarity reversal voltage
cm? cubic centimeter

DTC dump timed-charge

AT (delta T') incremental temperature
ATCO (delta TCO) incremental temp. cutoff
AV (delta V) incremental voltage
dia. diameter

dc direct current

dT/dt rate of temperature change
dV/dt rate of voltage change

E, no load voltage

EODV end of discharge voltage
EMF electromotive force

oF degree Fahrenheit

F farad

GE General Electric

g gram

Hz hertz

h hour

I current

IPCO inflection point cutoff

in inch

in? square inch

kg kilogram

KOH potassium hydroxide

LED light emitting diode

log logarithm

m? square meter

MPV mid-point voltage
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Abbreviation

TCO
VvCO
VvDCO
VLTCO

VA

Wh

Description

microampere

microfarad

milliampere

milliampere-hour

milligram

millimeter

millivolt

milliwatt

nickel-cadmium

original equipment manufacturer
pressure

positive temperature coefficient
thermal resistance

required application voltage
internal resistance

second (time)

temperature cutoff

voltage cutoff

voltage decrement cutoff
voltage limit temperature cutoff
volt

voltampere

watt

watthour



The following definitions are not intended to be all-inclusive,
but rather to guide the reader in understanding special
meanings of common terms as used in relation to General
Electric nickel-cadmium battery products.

=/
A

)
=
Juey

& An electrochemical system capable of stor- ‘,

ing electrlcal energy by conversion into chemical energy = =
and which can give it back again by reconversion. These
conversions take place due to the passage of current in one
direction or the other. See Secondary Battery.

Chemically reactive material which is

used to generate electric current in the battery. In the nickel-
cadmium cell, nickel hydroxide and cadmium hydroxide
are used as active materials at the positive and negative
electrodes, respectively.

{ITERY A primary battery which em-
ploys alkahne aqueous solution for its electrolyte.

' 5 Product of current in amperes multiplied
by the tlme current is flowing. Capacity of a cell or battery
is usually expressed in ampere-hours.

. An electrode at which an oxidation reaction (loss
of electrons) occurs. In secondary cells, either electrode may
become the anode, depending upon direction of current flow.

Any battery composed of multiple

AVAILABLE CAPACITY See Capacity.

=

B
BATTERY One or more cells connected to form one unit
and having provisions for external connections.
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BATTERY CASE Battery box or enclosure which contains
cells, associated connectors, and hardware.

BOUNCING Repeated cycling of a battery/charger system
in overcharge between fast-charge rate and trickle charge
rate. Caused by using an automatic reset thermostat or
other switch that does not latch when terminating the fast-
charge current.

-C-

C designates the declared rated capacity of the cell (bat-
tery). All cell charge/discharge current is specified in terms
of a multiple of C. (For example the 0.1C current for a 1.2
amp-hour rated cell is 120mA.)

C, Effective parallel capacitance.

C-RA&TE Charge or discharge current in amperes; numeric-
ally equal to the rated capacity of a cell in ampere-hours.

CADMIUM ELECTRODE See Negative Plate.

CADMIUM HYDROMDE Active material used at the nega-
tive electrode of the nickel-cadmium cell.

CAN See Container.
CAPACITY, CELL (Battery) Measured in Ahrs.

Actual Capacity Cell capacity of a fully charged
cell when measured under non-standard conditions
except using a standard end of discharge voltage.

Available Capacity The capacity of a fully charged
cell delivered under non-standard conditions in-
cluding non-standard end of discharge voltage.

Deliverable Capacity See Available Capacity.

Dischargeable Capacity The capacity which a cell
can deliver before it becomes fully charged or the
amount of capacity that can be withdrawn after a
limited input.

Nameplate Capacity See Rated Capacity.
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Nominal Capacity The capacity, typically deliv-
ered under standard conditions, a value greater
than rated capacity which is a minimum value.

Permanent Loss of Capacity Reduction in cell ca-
pacity from “as new” value, under standard rat-
ing conditions, not recoverable by reconditioning.
See also Reconditioning and Failure.

Rated Capacity The capacity value shown in the
specification sheet. The minimum expected ca-
pacity when a new cell is measured under stan-
dard conditions.

Recoverable Capacity See Temporary Loss of
Capacity.

Residual Capacity Capacity remaining after an un-
defined discharge at any set of operating conditions,
usually including a partial discharge or long rest.

Retained Capacity The amount of capacity re-
maining in a cell after an open circuit rest period.
The result of self-discharge.

Standard Capacity Cell capacity measured under
standard conditions. See Standard Conditions.

Temporary Loss of Capacity Reduction in cell ca-
pacity that is recovered when cell is subjected to
several reconditioning cycles of full charge and dis-
charge under standard conditions. See also Failure.

Useful Capacity See Available Capacity.
CAPACITY RECONDITIOMING See Reconditioning.

CARBON-ZINC BATTERY A primary battery having a zinc
anode and a manganese-dioxide cathode with an ammonium
chloride and zinc chloride aqueous electrolyte.

CATHODE An electrode at which a reduction reaction (gain
of electrons) occurs. In secondary cells, either electrode
may become the cathode, depending upon direction of cur-
rent flow.

CELL Electrochemical device, composed of positive and
negative plates, separator, and electrolyte, which is capa-
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ble of storing electrical energy. When encased in a con-
tainer and fitted with terminals, it is the basic “building
block” of a battery.

CELL CASE See Container.

1R See Container.

See History.

Reversing of polarity of terminals of a cell
ina rnult1ce11 battery due to overdischarging.

Return of electrical energy to a battery.
Charge Acceptance See Charge Efficiency.

Charge Efficiency The value which can be ob-
tained when the dischargeable capacity of the bat-
tery is divided by the charged capacity. It indi-
cates the degree of ease with which the battery
can be charged.

Charge Retention Capacity after a period of stor-
age of a fully charged battery.

Fast-Charge A charge rate of 1C or greater applied
to a battery with a cell specification for that charge
rate. Can not be used as an overcharge rate.

Quick-Charge A charge rate of 0.33C. See Over-
charge.

Standard-Charge A charge rate of 0.1C.

Trickle-Charge A charge rate of 0.02C to 0.05C.
Can not be used to fully charge a battery.

=%  Device capable of supplying electrical energy
to a battery.

See Reconditioning.

Electrical conductor which joins individual
cells together in a battery.

bl

T Charging method in which current
does not change appreciably in magnitude, regardless of
battery voltage or temperature.
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CONSTANT POTENTIAL Charging method which applies a
fixed voltage to a cell. Often abbreviated CP.

CONTAINER  Cell enclosure in which plates, separator, and
electrolyte are held. It is made up of the cell jar and cover
that are permanently joined.

AMINANT  Undesirable element, usually in the electro-
lyte, which reduces the capacity of the cell. In vented cells,
contaminants can be introduced by use of tap water or oper-
ation without vent cap.

Electrochemical or electronic device, capa-

ble of mtegratmg current-time, used for charge control or \

measurement.

is terminated.

Yl

CYCLE  In a secondary storage battery, a cycle consists of a
charge followed by a discharge.

C - In a secondary storage battery, the number of
cycles the battery may experience before its capability falls
to a point considered a failure. See Failure.

i A cylinder-shaped sealed wound cell
containing a high-pressure safety vent.

=

The range of temperatures between the point
at which the thermostat opens and the point where it
recloses (resets). If the temperature first exceeds the point
at which the switch opens and then drops below this point,
the switch remains open within the “dead band” until the
temperature falls below the reset point.

{ A charge/discharge cycle where perhaps
100 percent of the available capacity is withdrawn. See
Reconditioning.
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DEEP DISCHARGE The condition where a cell is discharged
to 0.6 volts or less, at low rate.

DEPTH OF DISCHARGE Capacity removed from a battery
compared to its actual capacity. It is expressed as a percentage.

DISCHARGE RATE See Rate.

DISCHARGING The withdrawing of electrical energy from
a battery.

DRY CELL BATTERY Sometimes used to describe a Leclanché
cell.

DUMP-TIMED CHARGE (DTC) A charging method in which
the cell is first dlscharged at a rate-time combination equal

to or greater than a charge-rate-time combination which
immediately follows.

DUTY CYCLE The condition and usage to which a battery
is subjected during operation, consisting of charge, over-
charge, rest and discharge.

=
E, See Equivalent No-load Voltage.
EFFECTIVE INTERNAL RESISTANCE, B, The apparent oppo-
sition to current flow within a battery that manifests itself
as a drop in battery voltage proportional to the discharge

current. Its value is dependent upon battery design, state
of charge, temperature, and age.

ELECTRODE Conducting body and the active materials in
which the electrochemical reaction occurs.

LECTROLYTE Fluid used in a cell as a medium for move-
ment of ions. Nickel-cadmium cells contain an alkaline
electrolyte, usually potassium hydroxide solution.

END-OF-CHARGE VOLTAGE The voltage of the battery at ter-
mination of a charge but before the charge is stopped.

END-OF-DISCHARGE VOLTAGE (EODV) The voltage of the bat-
tery at termination of a discharge but while still under load.

ENERGY DENSITY The stored energy as a function of the
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weight or volume (watt-hours per pound or watt-hours per
cubic inch). Rate dependent.

ENTRAINMENT Process whereby gases generated in the cell
carry electrolyte out through the vent cap.

ENVIRONMENTAL CONDITIONS External circumstances to
which a cell or battery may be subjected, such as ambient
temperature, humidity, shock, vibration and altitude.

EODY End Of Discharge Voltage.

EQUIVALENT CIRCUIT A circuit presented to simulate the
electrical behavior of a cell.

EQUIVALENT INTERMAL RESISTANCE See Effective Internal
Resistance, R..

EQUIVALENT NO-LOAD YOLTAGE, E, The numerical value of
the source voltage in the equivalent circuit.

E-
FADING The long-range loss of capability with use.

FAILURE The condition in which a battery is unable to per-
form satisfactorily.

Function Failure Condition in which the battery
has caused the end-use device to fail to function
at the performance level expected.

Permanent Failure A condition which does not
permit a cell or battery to be reconditioned or re-
stored to 50% performance level.

Reversible Failure Failure condition which may be
corrected through the application of certain elec-
trical procedures or reconditioning.

FAST-CHARGE BATTERY A nickel-cadmium battery which
can be charged at the fast-charge rate and which gives a
suitable signal which can be used to terminate the fast-
charge current without damage to the battery.

FAST CHARGING Rapid return of energy to a battery at the
rate or greater.
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FLOAT The use condition of a storage battery wherein
charge is maintained by a continuous, long-term constant-
potential charge.

See Vented Cell.

Filling of pores of a porous electrode with elec-

trolyte solution, thereby minimizing access of gases to elec-
trode surface.

Battery configurations which may be cre-
ated by interconnecting cells in various arrangements.

See Failure.

>

The method of suppressing hydro-
gen generation by recombining oxygen gas on the negative
electrode, and making the negative electrode chemically
discharged when oxygen gas is generated at the positive
electrode in an overcharge condition.

The General Electric trademark for high
performance cells.

N

BTOR™

The General Electric trademark for
hlgh temperature nickel-cadmium sealed cells that are ca-
pable of continuous exposure at temperatures up to 70°C.

-

A rate greater or equal to 1C.

ARGE A rate greater than 5C.

HIGH RESISTANCE See Short.

FISTORY The electrical and mechanical environments
which have been applied to a cell including age, previous
use, temperature exposure, charge and discharge.

m]im

LE.C. International Electrochemical Commission

l., Current at maximum power.
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An ac circuit’s apparent opposition to current;
con51sts of reactance and ohmic resistance. For the equiva-
lent phenomenon in a dc battery.

ORT See Short.

= The apparent resistance value of
the cell voltage dlfference between high rate and low rate
discharge. See Effective Internal Resistance, R..

[
Sy =

Chemical symbol for potassium hydroxide.

See Carbon-Zinc.

el

The duration of satisfactory performance, measured
as usage in years or as the number of charge/discharge cycles.

) STORAGE The harmful condition of storing a bat-

tery under load, a non-open circuit storage condition.
0.05C to 0.1C.

Less than 1C.

See Short.

FERY A sealed cell that does not

MUN-POWER DISCHARGE CURRENT, [, The discharge
rate at Wh1ch the terminal voltage is equal to one half of E,
and at which maximum power (energy rate) is transferred
to the external load.

MEMORY Capacity that can be recovered by conditicning,
a misnomer for voltage depression.

MIDPOINT VOLTAGE The battery voltage at the half-way




Glossary

point in the discharge between the fully charged state and
the fully discharged state of a cell.

-N-
NEGATIVE ELECTRODE See Negative Plate.

NEGATIVE PLATE The plate which has an electrical poten-
tial below that of the other plate during normal cell opera-
tion. The plate impregnated with cadmium salts is the neg-
ative plate which undergoes chemical oxidation when a
nickel-cadmium cell is discharged.

NET CHARGE ACCEPTANCE Sometimes used to describe
charging efficiency and refers to the amount of discharge
capacity that can be delivered as the result of a charging
input.

Mi  Nickel
Ni-Cd Nickel-Cadmium
NICKEL BELECTRODE See Positive Plate.

MICKEL HYDROXIDE Active material used at the positive
electrode of nickel-cadmium cell.

NOMINAL CAPACITY The typical capacity which is greater
than the rated capacity which is a minimum value.
NOMINAL VOLTAGE The midpoint voltage observed across

battery during discharge at a selected rate, usually at the
0.2C or 0.1C rate.

-0-
OPEN-CIRCUIT VOLTAGE Voltage of a battery with no load.

OPERATING VOLTAGE Voltage between the two terminals
when a battery is subjected to a load. Usually it is expressed
by the voltage of the battery at the 50 percent discharge point.

OVERCHARGE The normal application of charge current
after the battery has reached full charge.

OVERCHARGE CURRENT The charging current flowing to
the battery after all the active material has been converted
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into a dischargeable state. Sealed nickel-cadmium batter-
ies are capable of accepting continuous overcharge current
at cell specification rates.

OVERCHARGING Continuous charge after battery has ac-
cepted its maximum amount of charge. In a sealed cell, a
result will be increased cell temperature.

OXIDATION The release of electrons by the cell’s active ma-
terial to the external circuit. During discharge, cadmium at
the negative electrode is oxidized.

OXYGEN EVOLUTION Oxygen gas evolves due to the elec- sups
trolysis of water in the battery being charged, when it
reaches a certain potential. This is called the potential of
oxygen evolution.

OXYGEN RECOMBINATION The electrochemical process in
which oxygen generated at the positive plate during over-
charge is reacted (reduced) with water at the negative plate
at the same rate, generating heat.

P

PARALLEL. FElectrical term used todescribe the interconnec-
tion of batteries in which all the like terminals are con-
nected together.

PERMANENT FAILURE See Failure.
PLATES Common term for electrodes.

POLARITY Electrical term used to denote the relative volt-
age relationship between two electrodes.

POLARITY REVERSAL See Cell Reversal.
POSITIVE ELECTRODE See Positive Plate.

POSITIVE PLATE The plate which has an electrical poten-
tial higher than that of the other plate during normal cell
operation. The plate impregnated with nickel salts is the
positive plate which undergoes chemical reduction during
discharge of a nickel-cadmium cell.

POTASSIUM HYDROXIDE A chemical compound which,
mixed with pure water in the correct proportions, is the
electrolyte solution used in nickel-cadmium cells.
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PRIMARY CELL A cell designed to be used only once, then
discarded. It is not capable of being returned to its original
charged state by the application of current.

PSiA& Pounds per square inch measured relative to vac-
uum; i.e., absolute pressure.

PSIG Pounds per square inch measured relative to atmos-
pheric pressures; i.e., relative pressure.

-Q-
| QUICK CHARGE 0.33C charging rate.

QUICK-CHARGE BATTERY A nickel-cadmium battery that
can be charged fully in 3 to 5 hours in a simple, constant-
current charger and is capable of continuous overcharge at
this quick-charge rate.

=
R. See Effective Internal Resistance.
RAY Required Application Voltage

RATE Amount of current, either charge or discharge cur-
rent, frequently expressed as a fraction or multiple of the
one hour rate, C.

RAVED CAPACITY See Capacity.

RATING See Capacity.

RECHARGE Return of electrical energy to a battery.

RECOMBINATION The chemical reaction of gases at the elec-
trodes to form a non-gaseous product.

RECOMDITIONING A charge/discharge cycle to eliminate
voltage depression.

REDUCTION The gain of electrons; in a cell, refers to the
inward flow of electrons to the active material. During dis-
charge, nickel hydroxide at the positive plate is reduced to
a lower oxidation state.

RESEALABLE In a cell, pertains to a safety vent which is
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capable of closing after each pressure release, in contrast to
the non-resealable “one-shot” vent.

RESIDUAL CHARGE See Capacity.

RESISTANCE See Effective Internal Resistance, R..
REVERSAL See Cell Reversal.

REVERSIBLE FAILURE See Failure.

REVERSIBLE REACTION A chemical change which takes
place in either dlrectlon as in the reversible reaction for
charging or discharging a secondary battery.

ZJ
rr]

‘u

-8
=

SAFETY VENT Resealable vent which operates to release
abnormal gas pressure due to abusive conditions.

SEALED CELL A cell that is free from routine maintenance
and can be operated without regard to position. All reac-
tants are retained within the container. See Accumulator.

SECONDARY BATTERY A system which is capable of re-
peated use by employing chemical reactions that are re-
versible; i.e., the discharge energy may be restored by sup-
plying electrical current to recharge the cell.

SELF-DISCHARGE The spontaneous decomposition of bat-
tery materials from charged to discharge state.

SEPARATOR Material which provides separation and electro-
lyte storage between plates of opposite polarity.

SERIES Electrical term used to describe the interconnec-
tion of cells or batteries in such a manner that the positive
terminal of an individual cell is connected to the negative
terminal of the next cell.

SHORT The condition in a battery where two plates of op-
posite polarity make electrical contact with each other.

Intermittent Short A condition where the open cir-
cuit voltage of a battery is unstable when mechan-
ically shocked. An intermittent short can be ei-
ther low or high resistance.

SPLIT RATE CHARGE A charging method in which the bat-
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tery is charged at a high rate and then automatically re-
duced to a lower charge rate as the battery approaches full
charge.

STANDARD CHARGE Overnight return of energy to a bat-
tery at 0.1C rate.

STANDARD CONDITIONS Laboratory conditions of rates, volt-
ages, and temperatures during charge, rest and discharge.

STANDBY The non-cyclic use of a battery used as back-up
power.

| STARVED CELL A cell containing little or no free fluid elec-
trolyte solution; this enables gases to reach electrode sur-
faces readily, and permits relatively high rates of gas re-
combination. See Sealed Cell.

STATE OF CHARGE Residual capacity expressed in terms
of fully-charged capacity.

STORAGE BATTERY See Accumulator.

==

TAB A battery terminal, often containing a hole for wire
connection.

TAFEL CURVE Voltage temperature relationship.
TEMPERATURE
Ambient Temperature The average temperature of
the battery’s surroundings.
Cell Temperature The average temperature of the
battery’s components.
TEMPERATURE CUTOFF (TCC) A method of switching the
charge current flowing to a battery from fast charge to top-

ping charge by a control circuit in the charger that is acti-
vated by battery temperature.

TEMPORARY FAILURE See Failure.

THERMAL RUNAWAY A condition whereby a battery on con-
stant potential charge at elevated temperature may deterio-
rate limiting life through internal heat generation which
is caused by high overcharge currents in constant-poten-
tial charging.
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TOPPING CHARGE A reduced rate charge that completes
(tops) the charge on a cell and can be continued in over-
charge with out damaging the cell.

TRICKLE CHARGE Charge rate below 0.05C used to keep
battery fully charged after charging at higher rate.

-

VENT A normally-sealed mechanism which allows the con-
trolled escape of gases from within a cell.

VENTED CELL A heavy-duty cell design in which the vent
operates at low pressures during the normal duty cycle to
expel gases generated in overcharge. A vented cell plate
pack contains flat plates, separated by a gas barrier and
woven nylon separator, completely immersed in electrolyte.
Often called “flooded” cell.

VOLTAGE CUTOFF (VCO}) A method of switching the charge
current flowing to a battery from fast charge to topping
charge by a control circuit in the charger that is activated
by battery voltage.

YOLTAGE DEPRESSION A reduction in voltage due to long
term overcharge.

YOLTAGE LIMIT In a charge-controlled battery, limit beyond
which battery potential is not permitted to rise.

VOLTAGE-TEMPERATURE CUTOFF (VTCO) A method of switch-
ing the charge current flowing to a battery from fast charge
to topping charge rate by means of a control circuit in
the charger that is activated by either battery voltage
or temperature.

W-
WEAR QUT The loss of capacity due to normal use.

WOUND The interior cell construction in which plates are
coiled into a spiral.

iy

ZAPPING A common term for burning away internal shorts.
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A.N.S.IL., (see Appendix section)
AC, (see Power source)
Accessory Pack I & II, (see Appendix, GE Product Line)
Accumulator, 2-2 (2.2)
Active material, 2-2 (2.1, 2.5)
Actual capacity, (see Capacity)
. Aerospace cells, 2-10 (2.8)
Aircraft battery, (see Flooded cell)
Alkaline primary battery, 2-2 (2.2), 6-12 (6.4.1)
Aluminum, 6-19 (6.5.2)
Ambient temperature, (see Temperature)
Anode, 2-2 (2.4)
Application capacity, (see Capacity)
Assembled battery, (see Battery)
Attitude, (see Battery)
Available capacity, (see Capacity)

B

Batteries, 2-1 (2.1), 2-2 (2.2, 2.3)
Battery,
(see Design)
assembly, 6-19 (6.5.3)
attitude, 6-6 (6.2.9)
cost, 6-10 (6.3.4)
design, 6-1 (6.1)
duty cycle, (see Duty cycle)
form factor, 3-15 (3.4.2), 6-19 (6.5.2)
heat in overcharge, 3-12 (3.4.2), 6-20 (6.6.1)
life, (see Life)
multicell, 2-2 (2.3)
primary, 2-2 (2.2)
product line overview, (see Appendix, GE Product Line)
secondary, 2-2 (2.2)
temperature, (see Battery, heat in overcharge)
trouble-shooting flow chart, (see Appendix section)
vs. cells, 2-2 (2.3)
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Bouncing, 3-40 (3.7.4)
Bunsen valve, 2-10 (2.7)

C

C rate, 3-1 (3.1), 4-19 (4.3.1), 4-25 (4.3.3.4)
Cadmium electrode, (see Electrode, negative)
hydroxide, 2-4 (2.5)
Capacitor, (see Charger, capacitive)
Capacitor, 4-7 (4.2.2)
filter, 6-23 (6.8.1)
Capacity,
actual, 3-6 (3.2.1), 4-19 (4.3.1), 4-22 (4.3.3)
as function of charge temperature, 3-6 (3.2.1), 4-23 (4.3.3.1)
as function of discharge rate, 4-25 (4.3.3.4)
at low temperature, 4-26 (4.3.3.5)
available, 4-5 (4.1.2), 4-19 (4.3.1)
battery, 4-20 (4.3.1), 4-32 (4.4)
chargeable, 2-5 (2.6.1), 3-2 (3.2), 4-23 (4.3.3.1)
charged, 4-21 (4.3.2)
defined, 4-5 (4.1.2)
deliverable, 4-17 (4.3.1)
dischargeable, 3-6 (3.2), 4-17 (4.3.1)
discharged, 4-39 (4.5.4)
during life, (see Life)
full, 4-21 (4.3.2)
inaccessible, 2-7 (2.6.1), 4-39 (4.5.4.1)
loss of, (see Life)
measurement, 4-21 (4.3.2)
nominal, (see Capacity, rated)
performance, 4-17 (4.3)
permanent loss, (see Life)
rated, 4-19 (4.3.1)
restorable, (see Capacity, temporary loss)
retained, 4-27 (4.3.4)
standard, 4-19 (4.3.1)
standard conditions, 4-19 (4.3.1)
temporary loss, 4-33 (4.5)
useful, (see Capacity, dischargeable)
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Carbon-Zinc, primary battery, 2-2 (2.2), 6-12 (6.4.1)
Cathode, 2-3 (2.4)
Cell,
capacity, (see Capacity)
charging, (see Charge)
charge voltage, (see Voltage, charge)
components, (see Cell construction)
construction, 2-2 (2.4), 2-7 (2.6.2), 2-8 (2.7), 4-45 (4.6)
cylindrical, (see Cell construction)
discharge voltage, (see Voltage, discharge)
equivalent circuit, 4-7 (4.2.2), 5-4 (5.1)
failure, {see Life)
history, 4-10 (4.2.3)
matching, 6-19 (6.5.3)
outlines, (see Appendix, GE Product Line)
pressure, 3-8 (3.3), 6-5 (6.2.8), 7-3 (7.2.6)
product line overview, (see Appendix, GE Product Line)
reversal, (see Reversal)
selector guide, (see Appendix, GE Product Line)
specifications, (see Appendix, GE Product Line)
temperature, 3-8 (3.3), 5-11 (5.4)
Charge,
acceptance, 3-4 (3.2.1), 4-23 (4.3.3.1)
capacity, (see Capacity)
characteristics, 3-1 (3 1) 3-8 (3.3)
control, 3-17 (3.4.3), 3-18 (3.5), 3-21 (3.7), 3-28 (3.6.5)
efficiency, 3-2 (3.2)
fast, 3-2 (3.1), 310 (3.4), 3-31 (3.7)
overnight, (see Charge, standard)
pressure, 3-8 (3.3), 3-36 (3.7.1)
quick, 3-2 (3.1), 3-10 (3.4}, 3-18 (3.5.1)
rate, 3-2 (3.1)
retention, (see Capacity)
standard, 3-2 (3.1), 3-10 (3.4), 3-18 {3.5.1)
temperature, 3-4 (3.2.1), 3-8 (3.3), 3-12 (3.4.2), 6-20 (6.6.1)
temperature, (see Overcharge)
trickle, 3-2 (3.1), 3-31 (3.7)
voltage, (see Tafel curve)
voltage, 3-6 (3.3)
Charged capacity, (see Capacity)
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Charger, 3-20 (3.6)
capacitive, 3-23 (3.6.2)
constant current, 3-20 (3.
constant potential, 3-53 (3
coulometric, 3-32 (3.7.1)
design, 3-20 (3.6), 6-18 (6.5.1), 6-22 (6.7.4)
dump-timed control, 3-34 (3.7.2.2)
for fast charging, 3-31 (3.7)
full-wave, 3-23 (3.6.2)
half-wave, 3-22 (3.6.2)
heat, 6-18 (6.5.1)
safety, (see Safety)
safety, (see Charger, capacitive)
voltage limited, 3-53 (3.7.5.1)
- Charging heat, (see Overcharge)
high temperature, 3-4 (3.2.1), 3-8 (3.3), 3-11 (3.4.2),
3-12 (3.6.6), 3-36 (3.7.4), 620(661)

indicator light, 6-34 (6.9.1)

low temperature, 3-8 (3.3), 3-19 (3.5.1.3), 3-28 (3.6.5),
3-36 (3.7.4), 3-49 (3.7.5), 6 2 (6.6.1)

methods, 3-18 (3.5), 3-31 (3.7)

parallel, 3-26 (3.6.4)

photo-voltaic, 3-30 (3.6.7)

safety, (see Safety)

source, 3-20 (3.6)

Chemistry, 2-3 (2.5)

Coiled cell, (see Sealed wound cell)

Cold battery, (see Temperature)

Computers, 3-59 (3.7.5.3), 3-60 (3.7.5.4), 6-34 (6.9.2)

Constant current charging, (see Charger)

Consumer batteries, (see Appendix, GE Product Line)

Consumer devices, 6-34 (6.9)

Continuous overcharge, (see Overcharge)

Control charger, (see Charge)

Cordless, 6-34 (6.9.1)

Cost, 6-10 (6.3.4)

Coulometer, (see Charger)

Creep leakage, (see Leakage)

Cycle life, (see Life)

Cylindrical cells, 2-8 (2.6.2)

6)
3.7.5.1)
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DC, (see Power source)
Deliverable capacity, (see Capacity, dischargeable)
Design, (see Battery, form factor)

cell, (see Cell construction)

charger, (see Charger)

enclosure, 6-19 (6.5.2)

location, 6-18 (6.5.2)

mounting, 6-6 (6.2.9)

orientation, 6-6 (6.2.9)

vs. heat, 5-9 (5.3.3), 6-20 (6.6.1)
Discharge,

capacity, (see Capacity)

characteristics, 4-1 (4.1)

parallel, 6-17 (6.4.6)

polarity reversal, (see Reversal)

rate, 4-25 (4.3.3.4)

temperature, 4-26 (4.3.3.5)

universal discharge curve, 4-33 (4.4)

voltage, 4-6 (4.2)

voltage cutoff, 4-40 (4.5.4.2)
Dischargeable capacity, (see Capacity)
Discharged capacity, (see Capacity)
Discharging precautions, (see Safety)
Disposal, 7-3 (7.2.5)
Dump-timed charge, (see Charger)
Duty-cycle, 6-8 (6.3.2)

E

Economic considerations, 6-7 (6.3.0)

Effect of charge rate, (see Charge, rate)
discharge rate, (see Discharge, rate)
internal resistance, (see Internal resistance)
temperature, (see Temperature)

Electrical precautions, (see Safety)
considerations, 6-11 (6.4)

Electrode,
negative, 2-3 (2.4 ), 2-5 (2.6.1), 3-8 (3.3)
positive, 2-3 (2.4), 2-5 (2.6.1), 3-8 (3.3)
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Electrolyte, 2-3 (2.4), 2-4 (2.5)
burns, (see Safety)
Enclosure, (see Design)
End of discharge voltage, 4-39 (4.5.4.1)
End of life, (see Life)
Energy density, 6-7 (6.2.12)
Environmental considerations, 6-5 (6.2.8), 6-20 (6.6)
Equivalent circuit, 4-7 (4.2.2)
Explosion, (see Safety)
E., (see Voltage, open circuit)

Failure, (see Life)

Fast charging, (see Charge)
Feedback control, (see Charging)
Filter capacitor, 6-23 (6.8.1)

Fire, (see Safety)

Flooded cell, 2-10 (2.7)

Form factor, (see Battery, form factor)

G

Gas volume, 7-4 (7.2.6)

Gassing, (see Oxygen recombination)

GE=ax™ (gee Appendix, GE Product Line)

General description, Ni-Cd batteries, 2-3 (2.5)

General Electric Product Line, (see Appendix section)
Glossary, G-1 (Appendix section)

Goldtop™ cells, (see Appendix, GE Product Line)

H

Heat Transfer, 3-9 (3.3), 3-12 (3.4.2)

High rate charge, (see Charge, fast)
discharge, (see Discharge)

High temperature, (see Temperature)

History, (see Cell)
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Hobby, 6-35 (6.9.3)

Humidity, 6-5 (6.2.8)

Hydrogen generation, 7-4 (7.2.6)
volume, 7.4 (7.2.6)

Impedance, (see Equivalent circuit)
Incremental temperature cutoff, 3-45 (3.7.4.2)
Inflection point cutoff, 3-59 (3.7.5.4)
Injection molded cases, (see Design, enclosure)
Inspection, (see Appendix, Quality)
Instantaneous transfer, 6-25 (6.8.3)
Intermittent, short,

surge power, 6-28 (6.8.4)
Internal resistance, 4-7 (4.2.2)

measurement, 4-13 (4.2.3.4)

K

KOH, 2-4 (2.5), 7-1 (7.2.1)
Kwikit, (see Appendix, GE Product Line)

L

Leakage creep, 5-12 (5.7.3), 6-25 (6.8.3)

electrolyte, 5-7 (5.2.3), 7-1 (7.2.1)
Life,

characteristic, 5-16 (5.6.2.2)

end of, 5-1 (5.1)

overcharge, 5-8 (5.3.2)

storage, 5-17 (5.7)

vs. capacity, 5-5 (5.2)

vs. cycles, 5-9 (5.3.4)

vs. R, 5-7 (5.2.3)

vs. temperature, 5-8 (5.3.2), 5-11 (5.4)
Loaded storage, 5-19 (5.7.3), 6-25 (6.8.3)
Location, (see design)
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Locked rotor, (see Motor)

Low battery signal, 6-13 (6.4.3)

Low rate charging, (see Charge, trickle)
Low temperature, (see Temperature)

i

Maintenance free, 6-5 (6.27)

Matching, (see Reversal)

Material safety data sheet (see Appendix section)
Measure Conversions (see Appendix section)
Measurement capacity, (see Capacity)
Memory, 4-38 (4.5.3)

Mid-point voltage, 4-6 (4.2.1)

Military, 6-37 (6.10)

Mos memory, 6-25 (6.8.3)

Motors, 6-28 (6.8.5)

Mounting, (see Design)

MP?, (see Appendix, GE Product Line)
Multicell batteries, 2-2 (2.3), 4-19 (4.3.1)

I

Negative, (see Electrode, negative)

Net charge acceptance, (see Charge)

Nickel, (see Electrode, positive)

Nickel-Cadmium battery quality control reference guide,
(see Appendix section)

Nickel-Cadmium,
cell, 2-8 (2.6.2)
chemistry, 2-3 (2.5)

Nickel-Hydrogen, 2-10 (2.8)

O

Open circuit voltage, (see Voltage)
storage, (see Storage)
Operation, 6-4 (6.2.4)
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Orientation, 6-6 (6.2.9)

Overcharge, 3-10 (3.4)
heat, (see Overcharge temperature)
life, (see Life)
rate, (see Appendix, Cell specification)
rate, 3-10 (3.4)
temperature, 3-14 (3.4.2)

Overnight charge, (see Charge, standard)

Oxygen generation, 2-5 (2.6.1), 7-3 (7.2. 6)
recombination, 2-5 (2.6.1), 2-9 (2 7), 3-9 (3.3)
volume, 7-3 (7.2.6)

@

Packaging battery, (see Design)
Parallel,
charge, 3-26 (3.6.4)
discharge, 6-17 (6.4.6)
Permanent failure, (see Life)
Photo-voltaic charging, (see Charging)
Positive, (see Electrode, positive)
Power, 3-14 (3.4.2), 6-15 (6.4.5), 6-32 (6.8.5)
Power source,
AC, 3-21 (3.6.2)
DC, 3-20 (3.6.1)
Power Stick®, (see Appendix, GE Product Line)
Power Stick® Plus, (see Appendix, GE Product Line)
Precautions, (see Safety)
Pressure, 2-5(2.6), 2-11 (2.8), 3-8 (3.3), 3-36 (3.7.3)
sensing, 3-36 (3.7.3), 6-5 (6.2. 8)
Primary battery, 2-2 (2.2), 6-12 (6.4.1)
Product line, (see Appendix section)
Product performance curves (see Appendix section)

Quality assurance, (see Appendix section)
Quick-Charge, (see Charge, quick)
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R

RC Cars, (see Hobby)
Rate of temperature change cutoff, 3-48 (3.7.4.4)
Rate of voltage change cutoff, 3-58 (3.7.5.3)
Rated capacity, (see Capacity)
Ratings, cell, (see Appendix section)
R., (see Internal resistance)

vs. life, (see Life)

vs. temperature, (see Temperature)
Rechargeable battery, (see Secondary battery)
Recombination, (see Oxygen)
Reconditioning, 6-15 (6.4.4)
Regulation, 3-24 (3.6.3)
Required application voltage, 4-42 (4.5.4.3)
Residual,

capacity, (see Capacity)

charge, (see Capacity)
Retained capacity, (see Capacity, retained)
Reversal cell polarity, 4-34 (4.5.1), 4-43 (4.5.4.4)

Safety,
burns, 7-1 (7.1), 7-2 (7.2.3), 7-3 (7.2.5)
charger, 3-18 (3.5), 3-23 (3.6.2), 6-22 (6.7.4)
charging, 3-31, 3-32 (3.7)
chemical, 7-1 (7.2.1)
electrical, 7-3 (7.2.4)
fire, 7-2 (7.2.3), 7-3 (7.
general, 7-1 (7.1}, 7-6
precautions, 7-1 (7.1), 7
shock, 7-3 (7.2.4)
short circuit, 6-13 (6.4.2), 7-1 (7.1), 7-2 (7.2.3)
vent, 2-7 (2.6.2), 5-7 (5.2.3), 7-4 (7.2.6)
Sealed cells, theory of operation, 2-5 (2.6.1)
Sealed wound cell, 2-7 (2.6.2)
Self discharge, (see Capacity, retained)
Sensing,
temperature, (see Temperature)
voltage, (see Voltage)

2.5)
(7.6)
-6 (7.6)
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Sensors, (see Thermistor)
(see Thermostat)
Separator, 2-3 (2.4.0), 2-5 (2.6.1), 2-7 {2.6.2), 5-5 (5.2.2)
Shock,
electrical, (see Safety)
mechanical, 5-11 (5.3.5)
Short circuit protection, 6-13 (6.4.2), 6-22 (6.7.4), 7-2 (7.2.3)
Single sampling plan for normal and reduced inspection,
(see Appendix, GE Product Line)
Solar-cells, {see Charging, photo-voltaic)
Soldering, 6-20 (6.5.3)
Standard capacity, (see Capacity)
Standard-charge, (see Charge, standard)
Standard connectors for custom battery designs, (see
Appendix, GE Product Line)
Standby power, 6-20 (6.8.1)
State of charge, 5-19 (5.7.2), 6-21 (6.7.1)
indicator, 6-13 (6.4.3)
Storage,
battery, 5-17 (5.7)
temperature, 5-18 (5.7.1)
time, 5-18 (5.7.1)
Surface area, 3-14 (3.4.2)
Sustained overcharge, (see Overcharge)

T

Tafel curve, 3-11 (3.4.1), 3-25 (3.6.3), 3-28 (3.6.5)
Temperature,
ambient, 3-12 (3.4.2), 6-20 (6.6.1)
charge, (see Charge, temperature)
controlled fast charge, 3-36 (3.7.4)
cutoff, 4-32 (3.7.4.1)
discharge, (see Discharge)
high, (see Charging)
low, (see Charging)
low, (see Discharging)
sensing, 3-38 (3.7.4)
storage, (see Storage)
vs. R,, 4-10, 4-11 (4.2.3.1)
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Terminations, 6-19 (6.5.3)

Test methods, 5-14 (5.6)

Testing, 5-12 (5.5), 5-13 (5.5.2), 6-22 (6.7.1)
Theory of operation, 2-5 (2.6.1)

Thermal resistance, 3-13 (3.4.2)

Thermal runaway, 3-55 (3.7.5.1)

Thermistor temperature sensing, 3-40 (3.7.4)
Thermostat temperature sensing, 3-38 (3.7.4)
Timed cutoff charging, 3-33 (3.7.2)

Topping charge, (see Charge, trickle)

Toys, 6-36 (6.9.4)

TRB80, (see Appendix, GE Product Line)
Trickle charge, (see Charge, trickle)

Typical discharge curves, (see Appendix section)

U

Uninterruptable power supply, 6-23 (6.8.1)
Universal discharge curve, 4-33 (4.4)

Vacuum,

cordless, 6-33 (6.8.5.2)

environment, 6-5 (6.2.8)
Vent assembly, 2-7 (2.6.2)
Vented cells, 2-8 (2.7)
Ventilation, 6-20 (6.6.1), 7-
Venting, 5-8 (5.3.1), 7-3 (7.
Vibration, 5-11 (5.3.5)
Voltage,

cell, 2-2 (2.3), 2-4 (2.5), 6-11 (6.4.1)

charge, 3-8 (3.3), 3-10 (3.4), 3-49 (3.7.5)

cutoff, 3-49 (3.7.5)

depression, 4-36 (4.5.3)

discharge, 4-6 (4.2)

effect of state of charge, 4-11, (4.2.3.2)

effect of temperature, 3-11 (3.4.1), 4-10 (4.2.3.1)

3(7.2.6)
2.6)
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age Number (Section Number)
Voltage, (cont’d)
open circuit, 4-7 (4.2.2)
primary vs. Ni-Cd battery, 6-12 (6.4.1)
regulation, 3-24 (3.6.3)
sensing, 3-49 (3.7.5), 3-60 (3.7.6), 6-13 (6.4.3)
series, 2-2 (2.3)
Tafel curve, (see Tafel curve)
temperature cutoff, 3-60 (3.7.6)

W

Wound cell, (see Sealed wound cell)

X

XPo60, (see Appendix, GE Product Line)

Zapping, 5-5(5.2.2)
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A1.1 Battery Quality Definition

Quality is the customer’s perception of the relative excel-
lence of the composite of all battery attributes in fulfilling
his or her need and the reasonable expectations of those
the product serves, when compared to available technol-
ogy. It encompasses many performance and non-perfor-
mance related battery attributes, such as product’s ability
to accept application charge and discharge rate, environ-
mental constraints, life, reliability, appearance, aesthetics,
uniformity, and other customer expectations.

A1.2 Quality Policy

It is the policy of the Battery Business Department of Gen-
eral Electric Company to design, manufacture, and market
products of high quality and inherent customer value in
every market segment it serves. It is the policy of General
Electric to pursue and deserve a reputation for quality lead-
ership that merits customer trust because full value has
been received. General Electric Company has recognized
the need to offer products of excellent quality as one of
the most important requisites to current and future busi-
ness success.

A1.3 Quality at Inception

The definition of quality starts with marketing, where mar-
keting engineers evaluate the customer expectations in re-
lation to technology and cost. Engineering converts these
customer expectations into designs and specifications. Man-
ufacturing then procures material, designs process and
equipment, manufactures and delivers the product, and en-
sures conformance to specifications through a quality plan
encompassing all functions.
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A1.4 Quality Plan

Quality plan defines responsibility of all the functions in
achieving the goal of being a quality leader. It includes re-
view of marketing appraisal of customer wants, weighs them
against the department’s ability to fulfill them, adds needed
controls to meet these wants, reviews design to ensure trans-
ation of customer requirements, and has total manufactur-
ing control to ensure manufacture and delivery of a quality
product at a minimum cost by building quality in.

Quality plan is a set of integrated multifunctional operat-
ing instructions designed to provide procedures to achieve
quality. Quality plan is designed to meet Mil-Q-9858 and
Mil-I-45208 systems requirements per Department of De-
fense (DOD) guidelines. It includes various control proce-
dures such as design reviews, Alteration Notice (AN) pro-
cedure, Material Review Board (MRB) procedure, and
Inspection Report (IR) procedure. It also includes various
control measures such as incoming, inprocess, and final
inspection plans. These plans are supported by documents
such as Quality Test Instructions (QTI’s), Quality Process
Instructions (QPTI’s), Station Controls (SC’s) and Manufac-
turing Process Instructions (MPI’s). These documents de-
fine quality characteristics, classify categories, assign AQL’s,
prescribe inspection tools, and provide clear accept/reject
criteria. The process quality assurance activities are car-
ried out at various process steps, both on 100% production
basis as well as sampling basis. The Mil-Std.-105D sam-
pling plans are used to ensure that quality conformance to
prescribed levels. A table for single-sample normal accept-
ance plan has been included in this handbook for easy ref-
erence. (Table Al1-2) This table can be used by incoming
inspection for battery acceptance.

A1.5 Incoming Inspection

Manufacturing cells or batteries of a high quality standard
is not an accident: Quality must be built into the product.
The process starts with the quality of material going into
building the product. All components, chemicals, and ma-
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A1.7 Qur Quality Team

At General Electric quality is a team effort. All employees,
regardless of their functional and organizational attachments,
work toward a “better than the best” quality goal. This uni-
fied approach is a result of multifunctional awareness pro-

_ grams such as Quality Circles and Station Controls.

A1.8 Quality Circles

The production operators are the backbone of continual
quality improvement efforts. Their combined hands-on ex-
perience exceeds 10,000 man years. Quality Circles were
established to utilize this tremendous knowledge pool. Qual-
ity Circles provide the opportunity for production operators
to give productivity and quality improvement ideas to man-
agement from a hands-on point of view. These groups meet
on a regular basis to identify problems through brainstorming
and to select specific problems to work on. With the use of
charts, cause-and-effect analysis, fishbone diagrams, etc.,
the Quality Circle groups propose solutions to the problems
and present them to management. A large percentage of all
problem solving ideas generated by Quality Circle groups
have been implemented in the manufacturing area.

A1.9 Station Controls

Station Control is another tool used to help the manufac-
turing personnel become part of the quality team. Station
controls are based on the fact that if the inputs to a process
(station) are controlled the output is also controlled. This
concept controls the processes by controlling the five M’s
(material, machine, manpower, method and measurements).
Station Controls provide definition of defects and corrective
action guidelines for problems before they develop. It is a
team effort. The team is made up of production operators,
maintenance personnel, process engineers, quality engi-
neers, and shop management. This provides needed checks
and balances to achieve optimum quality level.
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Every shipment of cells and batteries from General Electric
is inspected by a Quality Control inspector. This inspection
includes electrical, mechanical, chemical, and visual checks
of the product based on the final inspection outlined in qual-
ity plan. These plans are designed by Quality Control engi-
neers in consultation with Marketing and Engineering ex-
perts to meet customer requirements. A computerized
database of quality requirements is maintained and is avail-
able on-line for product testing. This allows quick response
to varying customer needs and avoids the communication
gaps of manual systems. Product history is maintained at
final inspection to support a continuous quality improve-
ment program.

A1l.11 Recommended Incoming Inspection Procedure
for Customers

Product behavior varies with the design of a battery as well
as with prior electrical tests. To accomodate these variables
and to provide protection against defective batteries, we rec-
ommend customers use a product acceptance procedure as
outlined on Table Al-1 of this manual. Customized incom-
ing inspection procedures may be developed based on bat-
tery type and your application. The Technical Marketing
Engineer can also help the customer to ensure suitability
of these procedures.

A1.12 Quality Commitment

The Battery Business Department has directed its resources
to achieve zero defects. Business plans include new prod-
ucts, processes, equipment, and systems to attain this goal.
Outgoing product quality is monitored via parts per million
(PPM) measurement techniques. It identifies minor trend
changes in a very low defect rate environment. PPM
trends provide management check points to ensure prod-
uct excellence.
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ckel-Cadmium Batiery
@uaﬁ 7 Conirol Reference Guide

The following are recommended incoming test procedures for customers of
GE. They provide the quality checks and frequency of checks we recommend if
requested by our customers. Any quality performance standards beyond the
suggested customer limits must be approved by Technical Marketing and
Quality Control.

Inspection
?h? racter- AQL Reason Equipment Linlﬁt (At Failure
istic to be Suggested for for Test Required Standard Dispositi
Checked Customer or les! equire: naar sposition
Temperature)
ocv 1-3 Cell Open or  |Voltmeter |For single cell {If OCV is lower
Battery 065 |shorted batteries: than limit, meas-
4-9 Cell cells and OCV = 0.5V |ure individual cell
Battery 100 | broken minimum voltages; accept
welds For each addi- | Pattery if all cells
10-19 Cell tional cell have 0.5 minimum.
Battery  2.50 increase tl;e If cells are not
20+ Cell minimum accessible or are
Battery OCV by 1.2 less than 0.5 V,
requires volts. apply low voltage
negotiation test below. Cells
Example: may exhibit low
8 cell battery  |{OCV if they are
05 +7(1.2) = 89 | accidentally exter-
nally shorted or
have experienced
long shelf life.
Capacity |2.5 Sufficient |Power Per specifica- |Perform one addi-
run time [supply and |tion require- tional retest to
test ments at assure proper con-
fixtures specified nections, etc.
temperature
Battery Functional: 1.0 |To insure |Calipers, |Per drawing You must insure
dimensions | Non- fit micro- dimensions fit.
functional: 4.0 meters, ht.
gage, etc.
Weld 2.5 Weld Tensile Per Reject
strength integrity tester specification
Marking, [4.0 Identifica- | Visual Per Reject
name- tion and  |inspection |specification
plates, warranty
date codes
Visual 40 Appear- Visual Per standard Reject
workman- ance inspection |requirements
ship

Standard Low Voltage Test:

1. Charge the battery at the 0.1C rate for 30 minutes.

2. Rest the cell/battery 90 minutes in open circuit condition.

3. Measure the open circuit voltage. If the OCV is equal to or greater than 1.2 volt/cell, the battery
is good.
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A number of organizations and agencies are involved with _
the specification and/or assessment of the performance ca-
pabilities of nickel-cadmium cells and batteries. The area |
of interest of some of these agencies is the product func-
tional performance in specific applications. Other agencies
concern themselves with the safety of the product during
manufacturing operations, during transportation, during
original equipment manufacturer (OEM) assembly, and/or
during its use in the end product.

Conformance to the standards of some of these agencies
is completely voluntary while others are compulsory, backed
by a broad range of governmental authority. Some agencies
are concerned only with local issues while others are in-
volved in national and/or international commerce.

The General Electric Company supports and endorses
the standards of all agencies which aid in the safe and ef-
fective use of battery products. These standards can pro-
vide a means to communicate from the battery manufac-
turer to the OEM designer and finally to the product user
the performance capabilities of the battery and the cautions
to be observed. Some examples of these agencies are ANSI,
SAE, IEC, UL, CSA, DOT, Factory Mutual, NFPA, OSHA,
and Mil Specs.

Py " @

A2.2 Standards for Sealed Nickel-Cadmium Batteries
The principal American standard which specifies the per-

formance characteristics of sealed nickel-cadmium batter-
ies is the American National Standards Institute, (ANSI),
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document C18.2—Specifications for Sealed Rechargeable
Nickel-Cadmium Cylindrical Bare Cells. This document pro-
vides the standardized definitions of designated electrical,
mechanical, and dimensional specifications, the numerical
values of which are declared by the battery manufacturer.
It also contains the test and/or measurement procedures
by which the actual performance of the batteries may be
confirmed relative to those declared specifications.

Dimensions of the nickel-cadmium consumer type bat-
teries, designed by General Electric to replace ordinary dry
cells, are covered in ANSI C18.1— Specifications for Dry
Cells and Batteries.

Underwriters Laboratories, Inc. (UL), with the assistance
of Industry Advisory Councils, develops Standards for Safety
for the safe operation of products which might otherwise
present the possibility of a hazard of electrical shock, fire,
chemical, casualty, or other nature. Some of these Stan-
dards deal directly with the safety of the battery charger,
such as:

UL 1236 —Electric Battery Chargers
UL 1310 — Direct Plug-In Transformer Units (Chargers)

Other Standards for safety deal with batteries as only one
of several components in the overall safety of battery powered
products such as:

UL 45 —DPortable Garden Tools

UL 82 —Electric Garden Appliances

UL 478 —Electronic Data Processing Units/Systems
UL 1270 —Radio Receivers, Audio Systems, Accessories

A third area of UL concern lies in specifying the minimium
functional performance of battery powered products, where
those products are used to provide safety against the haz-
ards of fire, burglary, explosion, etc. Typical of these Stan-
dards, which generally involve battery back-up power, are:

UL 924 —Emergency Lighting and Power Equipment
UL 1023 —Household Burglar Alarm System Units

A2-2 GEMERAL @3 ELECTRIC



UL provides for continual review and updating of their
Standards to keep pace with experience and product develop-
ments. They also provide testing and periodic reexamination
services to ensure that the products as manufactured will
meet the specifications called for in the standards. Prod-
ucts which do meet these minimum criteria are privileged
to bear the UL Listing mark or the Component Recogni-
tion mark.

The Canadian Standards Association (CSA) provides ser-
vices in Canada which are similar to those of the UL in the
United States. The CSA listing mark, however, is obligatory
for commercial sale in Canada, compared to the voluntary ;-
employment of UL Standards and services. The CSA Stan-
dards require product characteristics which are, for the most
part, completely comparable to UL requirements. Two of
the CSA Standards are:

CSA-C22.2 No. 107 Rectifying Equipment (All
Chargers)

CSA-C22.2 No. 141 Unit Equipment for Emergency
Lighting

Factory Mutual serves a function for industrial products
which is similar to the one which UL serves for other prod-
ucts. The National Fire Protection Association (NFPA)
publishes the National Electrical Code (NEC), a standard
used extensively to judge construction materials, compo-
nents and methods. NEC— Article 700— Emergency Sys-
tems specifies the overall performance requirements for
emergency lighting systems which is one of the principal
bases upon which UL specifies and examines emergency
lighting luminaires and the batteries which operate them.

The International Electrochemical Commission (IEC)
publishes IEC—285—1983— Sealed Nickel-Cadmium Cy-
Iindrical Rechargeable Single Cells. This document is simi-
lar to ANSI C18.2 in its coverage of characteristics.

An important Standards Association in Europe is VDE.
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Appendix IV

@7 REDATE N yoan
sure Comn

TEMPERATURE
CONVERSION

LINEAR
EQUIVALENTS

254cm = 1in

1.0cm = 0.394 in

WEIGHT
EQUIVALENTS

28.35gm = 10z
1.0 gm = 0.0353 0z

PRESSURE EQUIVALENTS

0.07 kglem? = 1 Ibfin2

1 kgiem? = 14.22 Ibs/in?
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Occupational Safety and Health Administration

MATERIAL SAFETY DATA SHEET

Form Approved
U.S. DEPARTMENT OF LABOR OMB No. 44-R1387

i Required under USDL Safety and Health Regulations for Ship Repairing,
Shipbuilding, and Shipbreaking (29 CFR 1915, 1916, 1817)

SECTION |

MANUFACTURER’S NAME !

General Electric Company (904) 462-3911

EMERGENCY TELEPHONE NO.

ADDRESS (Number, Street, City, State, and Zip Code)
Post Office Box 114, Gainesville, Fiorida 32602

: Nickel Cadmium Battery (¢losed cylmdrlcan

"CHEMICAL NAME AND SYNO §TRADE NAME AND SYNONYMS

| CHEMICAL FAMILY E FORMULA

SECTION Il - HAZARDOUS INGREDIENTS N/A

PAINTS, PRESERVATIVES, & SOLVENTS | % (J,','i\{s) ALLOYS AND METALLIC COATINGS | % |(.T,':|¥:\
PIGMENTS BASE METAL

CATALYST ALLOYS

VEHICLE METALLIC COATINGS

SOLVENTS LS R8RS or core FLUX

ADDITIVES OTHERS

OTHERS

HAZARDOUS MIXTURES OF OTHER LIQUIDS, SOLIDS, OR GASES %o (Jrl;‘i‘é.‘)
Each cell is a sealed container Nickel & Nickel Hydroxide 20-30% as Ni mg/m3
enclosing a nickel electrode, a Cadmium & Cadmium Hydroxide 13-15% as Cd 0. 2mg/m
cadmium electrode and potassium Cobalt & Cobalt Hydroxide 1-2% as Co 0.1mg/m3
hydroxide electrolyte. Potassium Hydroxide 2-4% as dry KOH 2mg/m3
SECTION Ili - PHYSICAL DATA N/A

BOILING POINT (°F.) SPECIFIC GRAVITY (Hzo =1)

VAPOR PRESSURE (mm Hg.) PERCENT, VOLATILE BY VOLUME (%)

VAPOR DENSITY (AIR = 1) (EVAPORATION RA=1;1E)

SOLUBILITY IN WATER

APPEARANCE AND ODOR

SECTION IV - FIRE AND EXPLOSION HAZARD DATA N/A

FLASH POINT (Method used) FLAMMABLE LIMITS { Lel Uel

EXTINGUISHING MEDIA

SPECIAL FIRE FIGHTING PROCEDURES

UNUSUAL FIRE AND EXPLOSION HAZARDS (Gadmium fumes may be released during burning.

PAGE (1) {Continued on reverse side)
sEnerAL @5 ELESTRID

Form OSHA-20
Rev. May 72
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SECTION V - HEALTH HAZARD DATA

THRESHOLD LIMIT VALUE N/A
EFFECTS OF OVEREXPOSURE N/A

EMERGENCY AND FIRST AID PROCEDURES  Elgctrolyte is caustic. DO NOT allow skin or eye contact.

Eyes: Flush with water for 15 minutes, follow-up jmedical attention absolute necessity. If gotten on skin
vinegar or other mild acid may be used for neutralization.

SECTION VI - REACTIVITY DATA IN/A

STABILITY UNSTABLE CONDITIONS TO AVOID Burning, rupturing.
STABLE
INCOMPATABILITY (Materials to avoid)
HAZARDOUS DECOMPOSITION PRODUCTS

MAY OCCUR CONDITIONS TO AVOID
HAZARDOUS
POLYMERIZATION WILL NOT OCCUR

SECTION VIi - SPILL OR LEAK PROCEDURES

STEPS TO BE TAKEN IN CASE MATERIAL IS RELEASED OR SPILLED
Flush electrolyte spills with water.

WASTE DISPOSAL METHOD

In accordance with local, state and federal regulations.

SECTION VIII - SPECIAL PROTECTION INFORMATION :N/A

RESPIRATORY PROTECTION (Specify type)

VENTILATION LOCAL EXHAUST SPECIAL
MECHANICAL (General) OTHER
PROTECTIVE GLOVES ! EYE PROTECTION

OTHER PROTECTIVE EQUIPMENT

SECTION IX - SPECIAL PRECAUTIONS

PRECAUTIONS TO BE TAKEN IN HANDLING AND STORING } Electrolyte is caustic; DO NOT allow skin or

eye contact; flush with water if accidentally exposed. DO NOT incinerate or mutitate; may burst or release toxic
materials. DO NOT short circuit; may cause burns.
OTHER PRECAUTIONS

PAGE (2) Form OSHA-20
GPO 9 30-540 Rev. May 72
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Product Specifications
Cell Product Line Overview
Cell Selector Guide
Cell Specifications
Effect of Cell Charge Temperature on Actual Capacity
(Figure S4-14)
Effect of Discharge Rate on Actual Capacity (Figure S4-15)
Effect of Cell Discharge Temperature on Actual Capacity
(Figure S4-16)
Effect of Cell Discharge Temperature on Resistance—R,
(Figure S4-8)
Effect of Cell Discharge Temperature on Voltage—MPV,
(Figure S4-10)
Retained Capacity (Figure S4-17)
Universal Discharge Curve (Figure S4-19)
Typical Discharge Curves
Standard
up 80, 1/3 A, 1/2 AA, 2/3 Af, Af
Cs, C
1/2D,D, F
Goldtop
up 80, 1/3 AA, 1/2 AA, AA
Cs, C
172D, D, F
XP60
AA, 2/3 Af, Af
Cs
1/2D,D
GE%TM
Cs
Cell Outlines
MP80, 1/3 AA
AAA,1/2 AA
2/3 Af, AA
1/2 Cs, Af
Cs
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C
1/2 D
D
F
Battery Product Line Overview
Kwikit Battery Specifications
MP? Product Line
Memory Preservation Product Line
Memory Preservation Product Selector Guide
MP? Product Line List
MP? Product Line (Battery Outline)
TRB80 (9V Type Battery)
Accessory Battery Pack 1
Accessory Battery Pack II
Power Stick® Battery Specifications
Power Stick® Plus Battery Specifications
Custom Battery Designs
Standard Connector for Custom Battery Designs
Consumer Batteries

GENERAL &3 ELECTRIC



JEFRERERC R EFEREE

SNOLLVYOI4103dS
10Ndodd




21913397 €3 TvHINgY

Auedwo) oU}08|3 [B4OUBY) JNSUOD

saiy|igedes uoineolidde pue spasu jeloads 104 — :JLON
- rd rel - re E...II.XNEWG
- - - - - 09dX
- - - < - wdoipjon
— P ~ P - piepuelg
UBiH_piepuels ised 3oInp plepuelg ybIH prepueig UBry__piepueis
oireledws | 31ey ableyn 518y eble(osig fnoeden
suoljeoldde
wnwixep snonuuon a1el uledp ybiy pue Ay1oedeo ybiy
/o 01 dn 0605 0} dn 104 1onpoud Jemod wnuwlixew maN Ex.lml.mmc
(sjoau090
wnwixep SNONUJIUOD uoneulullsl ebieys yum)
oz’ o1 dn 000G 01 dn suojjeotidde abreyos isey 104 09d¥X
wnuwixepy SNoNUUonD suoljed||dde
€/ 0} dn 000/ 01 dn ainyelsdwey ybiy ut esn uo4 edolpjon
WnWIXep SNoONUKUOYD
€iD 01 dn 000G 0} dn suotieol|dde 1s0W Ul 8SN 104 prepuelg
Aligedes sinjesadwa] uondioseq adA] 1onpoid
ebieyn

(senjep |en1oy 10} s}e8yg uoIBDY108dg 10Npold 99g)

MIIAHIAO INIT LONAOHd 1130




4

INIHEND avOl

0g

saiadwy

+

00y
00t
00z
001
06
08
0L
09
05
oy
ot
oz
ot

/009

~

ANILNNY 034ISIC

N
N, ¢
N s
A /// N _
NN NN N
// A \ N /// , /” // N
/, N /u NERANNECIANNN .
AN NN NN N
NONNN N AN
h NN N\ AN AR AN M
XC AN A NSO
AN NN N NS N
N N — /'/// ¢
N / /0 N N o
NN NN
L ////// h ///MV//// w
| ORI
L ) NN NN w
AERIEANNAY N o
< AN AR\ AN
A A WA NI
/44 : AN /// /// N H

AAIND HOLD373S 1130

'sinoy gz 01
SW-UNJ HUWI| PINOM Y 8Y] JO 3SN "SIUBLIBIINDSS
SUL UdyBW |IIM 8D%, BYL 'SOZ4 UYWO09 dY) pue
VY YYWwoos oyl ase Aloedes 1$950(0 JO ${180 8y UORN[OS

'SINOY € 10§ YU Q0Z JO 1UaLIno obleyosiq e|duwexy

‘PaBU INOA yolew A[BSO|0 }SOW JBY} 5871 |99 8y}

1ussaidal sauj| jeuobelp sy "Aloedeo Alessaoau 8yl
SBUHSP W} puB JUBLIND aBiByOSID jO UCNDISEIW 2UL T
‘SIXe [BOILISA 8] UO BWI UNJ PBIISAP BY} 8S00YD 7

‘SIXE [BJUOZIIOY
2y} jo uoieof|dde oA Jo yusuno abieyosip 100 |

apiny Iopds|ag a0 J0 88N

‘euy} Jonpoud
pue 8zIs {185 JBY} UO UO{108S BJRP |BNPIAIPUI 808 @

'801040 AssUiwnald s1 LiBYD 10193|8S Uo
B} PUE PBO| JO LOI0ISIBIUI AU} 01 1S8S0[0 |80 &

Wesnngs
Bunelado pue swi) uni palisep suiuieleg B

uonoaleg 190 (g)
‘e19p
|BUOIHIPPE JOJ S}88US Blep |[enpIAIpU] 0] 8peW &q pIndys

doUBIBles 'sadA] [B198ds 10} JejiWIsS 1 1l yBnouy
‘189 plepue)s ay) uo paseq s| ejep |edldA) €1yl ()

(8215 11290 yoea 1oy awy} aBieyosip ‘sa Jusuno ab.eyosiq)



[ 3OIND w piepuelg
o o 1. oss 519 | oom [ piepuzis | PiepUEIS SO ZI)
S Gk 05 0z . 052 59 -y o0 |
I 2k 002 124 o 0 | os 0z | 05 o7 i WIND | #d01DI08
P8 62 09 12 t 08 ! - s S5 _ 005 o ~doIpion
274 1 43 i i o h [or4 _ PIEPUBLS | &
8c | 8% 4 ;0 ! N oL | ol 0O¢- _ 0L ov- forae) 7S] 00§ 1se4 _ 09dX
J P . o | o G | wn o | oz 0z 0L o | 529 66 | 00§ _ D | paepuels
© o o o o | 0w % | % [ o6 ool @& o % o5 | o8 | piepumis | piepuels vy
9e oL L 0§ i - 529 i
6 o < 08 0 - 05 o | seq 09dX
o | MW 6 _ 0LL o | Wwp mw _ 05 0 | 08 0e _ o oos 0zg | ogy i V_WBO | prepuelg
WM | 61 6 | os ot | o T o gL | gy 0z m wm o | oge 02g www | prepumig | plepuEls v 12
i ~ _ 0z ; oz |
m boost s o4 j o5 oL ioog - o | 08g D | dopion
@0 e cos 8 | oost o 00 o . os 0z m 05 o olIoL0 ® 06z | propong | doipion
| o 6 | oc 6 “ 08 _ - PYY, 0z 0L o ! 3181 010 @ 057 | oo | prepuerg
@ o e 1 og s | 08 m” | o o | oz oz | mm o | ole 062 | mmw | piepueis | piepuels vy 2L
vo ] se oL 0g ge- . oLe 062
[ S | @ £l 0g z | og or | YOING | piepUEIS
Ww 6t 6, o8 : mw gt | og o | os 0 e oo "oeE 08k | ow” | piepumg | prepusie vy
! - 6 1 % : i oL | e oz~ | - 1oz 08t -, 09
9, 8 ! ™00 9 [ 0z- S 0z | { Yomp | dopion
w1 O S R R LS 0 5w | PYSa—— oLt 1 00k | prepueis | .doiplon v it
. s Iy o8l 12 i i or ™02 0z 04 i _ ozl aLL | 00} 5
A . G ol 0z | ol o ¥IND | doIpion
a8 | ee 7 | e ¢ Jo o | o Yo oEIOIO @Sy | piepuziS | Sdoipion
08 ol 8 o g o o _ ol 0c ¢ 0L ob | 2181910 @ g9 _ NOIND | plepurls
08 | i Lz € oL oL 0z | o | 3181 DL'0 @ o9 oo | bropueie s
o5t [ 8 v = o b A I S [ 05 o 121010 @59 | PiepuEls |
ost . 8 4 : Loz € 1 o9 o 05 0z 1 08 or | T en) | ezis
oyl | g vl e Py > [ 0§ 0 | _ - | euiwon reuiwon | {wnwy 1A | de _ au 1180
ork 8 vyt _— o XeW U xewy  uil Lofeul 50 owHd| Auosded Ayiged 5! onpoid
i i ; | xew U | xep Ul _ aBreyosig abeIo]g _ yw) (1), payey!  ebieun |
(ow) | wew  uop [ XN UIN aBieyn | ©0) @. . c<amo N m m
s ‘ ET)
oy oW | vol | ww |l e T
eodhy | (), dwy Bregoiono)  evey 961603 |
|_8bieyosiq "xep | eiey abley :

SNOILVOIdI03dS 1130




21413373 & 1V4INIS

s
&8
=

0L or- _ 00v9 00¢9 I 0095 Emucmvw_ .doipion

I
| 3
4 lepuelg plepuelg
S 9Ll 85 002 0L “ 002 omm u wm m “ mm WN, |0 ov- | 00LL 000Z | 0029 M P ”oso_ e
: o o . g ooz 000y 00€ oy -
w - s E o A o 1 I ooov piepuerg 1 dowpjon
, bz | or . op- 002 005y 4 .00 _ 2
86 0G0+ - 05 | 0%0L oL o o : 3 5o
v 9Ll ag . oop 05 | ooy 00z 02 0 | @y o oy S oo w %o | Emccs@« " i
> oﬂ g ! oor o5 | oogr ooor | ov sl mm i e o |
e w w M = . - _ ) f oin .dopjon
oor 05 i ooy _ : o i
m . . : oo s or Lo o _ mmwm %mw | 00zz prepuels | .doipjon
8 oL 8s | 09 sz | 05 o oL | o oz or o | o 2 1
022 74 0ze 0Lt [ o o | ooz wo | ek
: o % @ o oz o ol g ov- 00.2 005z | 00ZT piep !
8 otL 8 | Oic | ozz ol | og 0, 0§ | o w e T
P o ! 05 - OF 0022 0002 oo, | prepueis .
. , | e o o | oe ‘ or | ooze 0002 008+ pizpuelg
48 85 6z ' 009 Gz 08 0 | 08 i 0§ j DL A
08l Gz {08k 06 4 L _
zL 85 6z | ) } o o | oot _ om0 | it
& et % o oo or- oovt osel 0ozt | oo
s s €@ | ® o o % 0 S Rodst oost | oost _ 2o |y Xew
[er4 86 62 | 0zi o l mmw S8 | 05 oo | og | og ow | MN? 00s _ 00st penenns |1 Tes
mm o o | 1584 09dX
zi 85 62 oy o8 0 08 _ : : oo oo
o s e o . e mNS L ool o o | oowF osel 00zt swoino | prepueis
- = < o . | oowr mw I o S | o mwi osel | oozt | prepueis | piepuelg SO
sz 00 05 o | |
1z 85 6z | oor 05 ool m _ gt i
5 o e o st Mgy ey or e o Lo shne | peena
! ) o o A S or 566 08 | I epunis .
: o s % {3 052 prepuels | p
i : | | 1l o ! ' <1 ges 048 |
61 oL 0se Sl 0se 0 o | e [ o o _ | e x
- e e T o m u | oxew [xew  um T reunon REEoM _:ﬁ_%_mwﬂ_mzo | Anngeden ] suly 1180
} ; } " s .
quew  Juon “ XEN UL " Xepn Ul | xmw&?mco | abieyosiq “ sbeiolg ",Nv m\Aw<Ev ey | e | Shoe _ ronpon
o (€ (D) L. | il
(yw) (s |
Lt _ — _ " 6 ; dbuey einesadws fioeden |
ab1eyosig XelN 181BY 9bieyoian0) m sley ableyn 4

i
SNOILYDI4103dS 1130 @%




"jusing sbieyosip

aseduwrel)|iw gpg € Buisn
pawiopad aq pjnom ableyos|p
J¢ & pue yop6'0 = 81el 9z
8y} Uayl ‘0gy'0 = 9 Joj ‘ardwe
-X8 104 "D 01 jenba Ajjeouswnu
{(sasadwe) Jusund abreyos|p
1o ebieys e s| sjes 9

YOSK0 = O ‘190 yyw oGy

€ 10} ‘a|dwexs o4 |90 auy}

10 Apoedes inoy aladwe pejel
ay3 01 {enbs Ajjeopswnu si 9

‘S|{80 944108}F [BUSD WO}
alqe|ieae ABisus [ej0} 8y} JO
91EW(1S8 SAIJBAIBSUOD € SP|BIA
‘Ayjoedeo ajel o WU

ay} uodn paseq ‘WalsAs
Bunes omnosy3 jessusn syl

'$1199 09dX 40} abieyd
1SB) SB 4ONs ‘SUOIIPUOD JUdI)
-4Ip 8ainbas Aew s|j90 jeioadg
INoy | pasd
X8 lo |enbs auwij} uny
0,£Z—eimesadws) 1S9
SHOA
60 01 sdwe 9 | —abieyosig
sinoy y 0} 2—3ssy
sinoy
0z 10) sdwe 9 'g—abieyn
:ase Bupes siyy 1oy
suon|puog "abieyosip ael D e
e A||ensn ‘Ajoedes wnuwiuiw
0} 108dsal yum Ajjeuon
-OuUn} paled 9ue S|[90 91309/3

jesauay — Audosollud Buniey (1),
‘S3LON

Ha

o4 . koA Lot Lo
204 - 1OA ¢ 18y L1d 14a L0
2d oA " HHa i oo
¢od . boA : 11a tHa \ [Ake]
2oy P HoA j L1a tHa YN
¢od m LOA : Lid LHa L1O
oY _ LOA L1a 14a 110
eod ! LOA +1a 214} YN
2o . oA Lig 18a [XEo)
<oy ! LOA La (814} L1O
1o 1op 110 vHa T
104 i LOA Y 11a yda | [ ko)
¢od i 10A L1a tHa . 110
¢OH ;o BOA ) Lia 14a L1O
o8 jop T 18g LD
+od ¢ oA LG [Ea1e] . LLO
Nomtr Tron” U a o b3
f4oL] { LOA i L1a t4d i 210
LoH (oA ¢ hla vHO Zlo
104 + LOA ; LLa 740G Ake}
10d ‘0 LOA : L1a el 110
104d oA L1a yHA LLO
LvS Bid moEm ‘Bl , 91-vs "Bi4 GvS "Bid ;b ‘Bid
aimesadwal ' oAdIN . dws}], 8yey dwsy
abeliolg I dwsaj 1185 SA YO abreyosig abreyosig - 8bieyn
e e . B = SR TP
paurzien sy th wmw:o> Ayoeden _mEQ,q

082
08L
29
§29
629
Gz9
Gz9

058
08g

oLe
oie

0ze
0ze

gzt
o143

{BUJWION
jefio]

3oIno

Ajoeded piepuels

SIAHND FONVINHOAHId ANV SNOILVOI4103dS 1730

piepuelg
piepuelg  SDZ/L

#30IPI0D
od0IpIoD
09X
prepuelg
piepuelg v
09dX
prepuelg
plepuelS v €12

adolpion

- gdoIpion

- odoIpIon

§.9 009
6.9 009 piepues
646 00S NOIND
.9 00g " piepuels
618 005 ; Jseq
GG 00S : Flellsle}
6.9 00S T piepuelg
0zs sy s
0es [v14 ~ domd
02s st piepuelg
SIRIDI0D 052 o
2RIDLO® 052 ' plepueig
06¢ 0se ROIND
ogc | 0S¢ . plepueig
08} 09t 3oInp
o8t o9l : piepueig
ol ook oo
9t 004 . piepuelg
oEIDIOD o T omp
QleIQL0® g9 " piepuelg
eIDL0® 69 oIy
81eidL'0® G9 plepueig
leuwon (wnunuw)
ey o Aunqede)
(uyw) ' {il.perey - abreyn

! gdoipjon

prepuelg

piepuelg
piepuelg vy 2/L

piepuelg vvv

YVE/L
odoplog
gdorpion
piepueis
plepuelg 08d"

: mN._mwx
118D

120)
aul
Jonpoig



zoH LoA oy 11a 1Ha 210 09 oozo | ooes | prepums| cdoipico
zoy LOA 1oH 11a 1Ha o) 00LL 0004 . 0029 Emucsﬁ pispuels 4
: . S S N B
zod LOA Ly Ll 1Ha z1o oozy 000¥ oose :
2od LOA Loy Lia LHa A%} 00y 005 000y | prepuels’ sdopion
Zo4 Z0A zeH zla 24a CWN T oovy 0ovy ooor 14 | 09dX
sUBISOp AloNeq |82 zou LOA Lay Ll 1Ha ; Mo ooy 00s¥ 0007 | pipuIS  prEPUBIS a
0 80 13]0RIEYD |BWID e . co T - o B o - - - i
wcmu% m_%« z:uzmm_acowﬂw Zou LOA tog 1La LHa o, oove 00ez 0002 HOIND | cdoIp(oD
‘8B1BU0SID 10 UONBIND zo4 LOA ey 1L LHa | 2o i ooz 0052 0022 prepuelg | cdoipjon
UBLING BBIBLISID UO 1USp o4 ZoA ey | zld zZ4a pOWN L ooe 00£e 0oLz | 1se 09dX
.uadsp 5 8|1 simessdwal ‘ol e 1 LoA 1oH kL 1Ha o 1 ooz 00sz | oozz | pepuemis! prepueis gzl
\Cm:mn uo «OGQE_ pajeloosse B o h R M ”! ST .
ay) pue esps aunjesadwsy zou LOA 1oy Lia LHa 10 0022 0002 008} %O ;  plepuels
1199 0} 8Np pajiw| oy} zod LOA Ly L1a tHA 110 0022 0002 | 008k | Piepuels’ piepuelg o)
-in} 8g Aew jueuno abieyosip ’ : H
SNONUIIUOD WNWIXeW (), ; R ! ) o N [
N Zod | loA ey +1a LHa ooz oo oset oozt | womo _ 2doIpIoD
-aun|ie) 1190 pide) Ul 204 . 1op oy | ria 1Ha iz | oonk osel | oozt | peepueis| .doipiop
1Inses Aew suoNEIoRdS BInye zoH LOA 1oy 11 £4a : Lo szol oogl AOND |, TEUWID
1adwisy moj o Buipasoxa Zod LoA ted - Lld eda b | s oow | prepumis | |- semao
palioNuC Bimeladwa) S S16s ZOd ;oA zod | zla 2da O WN ooz 00zt X Jseq ! 09dX
usYM UMOYS ainteladws) sy} ¢OH LOA Loy . L1 Lda ] O oov 0Gel | AoIND | prepuelg
mol3q pableyo 9q AEW $109 zod LOA el 1L Lea HO  oovk 051 i piepuels | Prepueis $0
UNSaI | 341 A1sleq psonp zod LoA 1oy 1a g wN . e o8 L wsed: oeax
-4 1nq sainjesadws} saubiy 2od LOA Loy 11a Lga [Sko) §€6 0.8 i ¥OIND ©  piepueig
1€ pejesado aq Aew si1e) 2oy LoA 1oy t1a (¥e} LD 586 08 05z . PIEpUBlS i prepuelg W
as0U] mhww_%@%mhmwm%mﬁ 214s°Bid [oLvs B4 gys By | 9Lvs by SivSBid | plps Bid | feupwON  Jeuon :E,:E_‘c._,_zv,w‘ O o) ems
‘21n50dX8 SNONUNUOD 10 218 ameledwal - OAdW ey dws ey ©dwel ¢ g0 oley o ! Aniigedes | aur 119D
! { ! H \
umoys saineledws) ased |80 (€), aBeiols duia] 1j20 SA JIoA ebreyosia : w.m_mcow_n_ ! mEmzo ! ) . {uvw ! { Um.xmm_ _ mm._mco_ .. G:uoi e emmeanom
Ayoeden s109147 abeljo, Auoedes [enjo Ayoed !
paulelad ! ton woedes enjoy woede piepuris

SIAHND FONVINHOSHAd ANV SNOILYDIHID3dS 1130




6L-¥S 3dNOI4

W JAHND IOHVHOSIA TVSHIAAINN

L4 e {(e8InUIW ISINOY) BWIY und /emoy - ¢

e S (uiwiy ‘yyw yy) ;emoy - g
(1enioy jo v,) Ayoeded pebieyosiq)

0
m
8
g z
= ~
=) Q
w o
(9] (3
= =
o o
! g c
i [ ]
1 < <
i = =3
| & o
i Q [
H D @
AW S0
' : AW 0SL— AdIA-
¥ i ) ) .
| AdW P
i

—

Awogh + AdW T b T
. N 4




¥i-¥S 3HNOIA

FHNLVHIdNTL 3DHVHO 1130 40 103443

05

ALIDVdVYO TVNLOV NO

(0s) IYNLYHIdNTL

0g

- 01

4

" 0ge

oy

0S

r— 09

-

-l 08

" 06

S — — YA

(QHVANVLS 40 %) ALIDVdYO 17130 VNLOY



GlS eunBiy4

ALIDVYdVO TVNLOV NO
31vd IOYVHOSIA 40 103443

(0 40 S31dILINIW) TLvH IDHVHOSIA

000'H

Pemsewsews phag | 0 T {

— e £HE

S - %0¢

- %08
et %09

. %0L

R S — %08
e e J,” - o\aom

. %,001
- %0k

. %0ct

(QHVYANYLS 40 %) ALIDYdYO TYNLOVY



91-¥S 3HNDIA

0L

ALIOVdVYD 1VNLOV NO
JHNLVHIdINTL 3DHVYHOSIA 17130 40 103443

(0 ©30) IUNLYHIdWIL IDHVHOSIQ 1130

0% 0g ot

o]

] }
- W = s .
| ;
1 i
i i
| i !
i ] N N S —
——— H i
La i !
i i
! !
| i |
: - o . L
| H | !
u_ N 1 i !
‘ i
i
,
1
] ]
§ H
|
I
i
]
T —— :
i
y
|

oe~

-0
<02
R
o7
.08
00
.08

-08

0oL

- 0L

-~ 021

(QYVANVYLS 40 %)

ALIDVAVYD IVNLOV



8-S 3dnoid

®4 — 3IONVLSISIH NO

JHNLYHIdNTL 3DHVYHOSIA 1130 40 103443

(0 ©3A) IENLYHIJWIL IDUVHISIA 113D

0L 0s 0g

oL

S e

S
-

13—

THY me—

05

09

0L

08
06

ook

OLL

0zl

oclL

ovl

05t

03k

0Lk

081

061

002

(84 O €2 40 %)
o4 — JONVLISIS3d JAILOId43



0L-¥S YNNI

OAdIN — IDVITOA NO
JUNLYHIdWIL IDHYHOSIA 713D 40 103443

(0 ©3Q) FHNLVYHIdWIL IOHVHOSIA 1130

04 0s 0e 0L oL— 0e-

051

091

(7233

TOh — —d— y 0811
ZON ——cemamn

4 0614

4 $
7 00z

oLzl

\ 7 \ oceh

P d (615748

S— P oret
~ - .

// —— P Sg—— \ 052}
S — \ 09et

_\ 0424

08zt

(W) Cpdw



9149370 &0 1VHINGS

L1-vS 3HNDIS
ALIDVdVYD d3aNivi3d
(SAVA) INIL 1S3H LINDHID N3dO
ork (1748 004 08 09
N \
N N . \ /
- C N\ N
~ N . /. olor™
I’ /uecr ,\\/ oricjet \\.Q ’/
Y /, /. . /
i /
D07 ~
[ / II //
. /‘ /
~ o N
~ N
™ ad 33/\/ < SO .
5 —y n/
00| TN o SN
— T S~ // . -
Sty — Sy ~ I//
OumN\\)\ S T — " ~ -~ id
S - Bl
 — -
L —
Z0Y ===—e o em—
LOY = == = o

(VNLOV 40 %) ALIOVdVO A3NIVLIY




ori

21813313 £B TvHINIS

(ONILYY 40 %) ALIOVd VD Q3DHVHOSIG

ozt 001 08 05 oy 0z
i j ] ! 1 j 1 i 1 i ]
520 W
0 W e
050 vy
520 v %
Lo v %
900 og dn
S3HAdNY O sazis
/ 130 HO4
) A
\ 7 o0t / e —
. ———
o) e —

Of¢ LV IAHNO IDHVHOSIA TVOIdAL
QdVANV1LS

L0

20

€0

¥o

S0

90

L0

80

60

L
el
v

gt

(S170A) 3DVLI0A IDHVHISIA



orlL

91819313 &% 1VHINAG

(ONILYY 40 %) ALIOVdYD G3DHVHOSIA

gL 0ot 08 08 o

] i ! } | ! | i ! | |

gk
[

o — €0

SAHIJWY O

$3ZIs " 60

1130 Hod
90

™ L0
— 80

— 60

Vi

[43

jor A}

el
i

0€¢ LV JAHNO IDHVHOSIA TVOIdAL
QdvdaNvis

gL

(SLTOA) 3DV.LI0A IDHYHOSIA



(U43

oct

318109273 $B 1vHINag

(ONILYYH 40 %) ALIOVdYD Q3IDHVHOSIA

oot 08 0s or 0z 0
| L I ! ] ] l i I I 1 | 0

— 10

9 4
20

o a
7T a# — €0
SIHIINY O s3zZIs — ¥0
1730 HO4 .
— — 90
— 10
’ 7 — %0
. — &0

/ o8 / . ——
- T — N
o) P — ° . . . b 1oL
e e /
e — e e - Lz
] — —— I

% — £
i
gl

0€¢ 1LV IAHND IDHVHOSIA TVOIdAL
AdVANVLS

(SLTOA) FOVLT0A IDHVHOSIA



ovi

IERRERERC REEETED

(ONILVH 40 %) ALIOVdYO QIDHYHOSIA
ocl 0oL 08 0s oy 174

0
i ] 1 i 1 i | ! ! I ] 1
0

050 vy 1o
o v % =20

oLo vy % -
5900 0g dn £o
- o

S3LIJAY 2 e -
1130 HoA g0
90
A
3 80

o0l
™ 60
\d

JE¢ LV JAHND dDHVHOSIA TYDIdAL
ed01d1709

(SL10A) 3OV.LTIOA 3DHVYHOSIA



ovt

91413313 §F 1veinag

(ONILVH 40 %) ALIOVAYD QIDHYHOSIa

0zt 00k 08 0g

0c

zL
S3Y3dINY O

o)
537iS
1130 Ho4

0g¢ 1V IAHND FDHVHOSICA TVYOIdAL
ed013T70D

Lo

(AL

€0

14Y]

g0

90

L0

80

60

<l

€l

v

gt

(S110A) 3DVLIOA IOHVHOSIA



vl

0zl

(ONILYH 40 %) ALIOYdVO AIDHVHOSIA

O€2 LV IAHND 3DHVHOSIA 1VOIdAL
od01d709

0oL 08 0S oy 0z 0
R 1 § 3 L ] § § ! I I A 0

— 10
A
99 Ef — €0

oy a
44 a4 ™ 0
SIHIdNY O S83zIs L g0

1130 HOo4
I 90
— L0
- 80
- / *— — 60
S — o ——— 1
. e
O s ¢ cw——— .
- — Ll
T e e c———

U S et om— e el . ¢k
—— s e s c—— ~ .
N
b= Pl
S

(SLT10A) 3DVLI0A 3DUVHOSIA



ort

ozt 004 08 08 or oz
J i ! ]
; j ; ; | _ i | I ! 0
.10
L0 W
50 W % . 70
050 vy
o - — €0
SILANY D sazis
7130 HO4 L 0
- 50
— — R L. 90
L]
. 10
. 57
’ ooz %, |80
= te
/ 201 - L 60

oz0

0¢¢ LV IAHND FDHVHOSIA TVOIdAL
09dX

(S170A) 3DVLI0A 3DHVYHOSIA



orlL

(ONILYH 40 %) ALIOVdYD GIDHVHOSIA

001 08 09

020~

57

(014 (174 0

20
mO i
s3zIs €0
7130 HO4 :

vo
g0

00
90

‘60
AW

¢k

AW

062 L¥ FAUNO IDHVHOSIA TYOIdAL
09dX

el

V)

A

e

(SLTOA) 3DYLTOA IDYYHOSIA



(043

[¢43

0oL

(ONILYY 40 %} ALIOVdYO IDHVHOSIA
08 09

904

or

0c 0

a
acit

S3zZIS
1730 "od

DeEC LV FAEND IOHVHOISIA TVOIdAL
09dX

Y/

00

=20

g

..... 14Y

- G0

~ 10

80

60

S

- Ch

- gl

_——

[ER—— — 4 ]

(SLTOA) IDVLIOA IDHVYHOSIA



ovi

0743

(ONILYH 4O %) ALIOVdVO QIDYVYHOSIA
00t 08 09 ) oy

el

74

00€2 LY IAHND IDYVHOSIA TVDIdAL
WD)

‘.N.o
-
- 0
- g0
90
- 20
80

" 60

4N

el

!

gt

(SLTOA) 3DYL10A IDHVHOSIA



CELL OUTLINES

@ 12.62[.497] DIA
AN

r—a

15.06 [.593]
L J Yli'

MP80

14.12[.556] DIA

\ X
/b

|

17.09[.673]

1 1
L]

1/3 AA

NOTES:
1. DIMENSIONS ARE IN MILLIMETERS (INCHES)
2. ALL DIMENSIONS ARE MAXIMUM

GENERAL 5{‘2} ELECTRIC



CELL OUTLINES

____J_

& -

44.20 [1.740]

AAA

\ 1

14.12[.556] DIA

31.88[1.255]

— l

112 AA

NOTES:

1. DIMENSIONS ARE IN MILLIMETERS (INCHES)
2. ALL DIMENSIONS ARE MAXIMUM

GENERAL @B ELECTRIC



CELL OUTLINES

N b

16.71[.658] DIA

G

!

27.81[1.095]

L

213 Ag =
:
=
14.12[.556] DIA z

)

48.95[1.927]
L _J
AA

NOTES:
1. DIMENSIONS ARE IN MILLIMETERS (INCHES)
2. ALL DIMENSIONS ARE MAXIMUM



CELL OQUTLINES

»

22.22].875 DIA

25.91[1.020]

=E

1/2 Cq

\\
y

16.46[.648] DIA
4

S ——: A

ey

49.28[1.940]

i

Af

GENERAL &5 ELESTRIC

NOTES:
1. DIMENSIONS ARE IN MILLIMETERS (INCHES)
2. ALL DIMENSIONS ARE MAXIMUM



CELL OUTLINE

—

22.22 [.875 IDIA

[}
a

ELECT

42.16 [1.6601

Cs

GENERAL €5

NOTES:
1. DIMENSIONS ARE IN MILLIMETERS (INCHES)
2. ALL DIMENSIONS ARE MAXIMUM



CELL OUTLINE

1

25.50[1.004] DIA

S

et

46.23 [1.820]

NOTES:

1. DIMENSIONS ARE IN MILLIMETERS (INCHES)

2. ALL DIMENSIONS ARE MAXIMUM

GEMERAL €% ELECTRIC



CELL OUTLINE

—

32.31[1.272] DIA

|

(= 2
35.81[1.410]
)
12D
NOTES:

1. DIMENSIONS ARE IN MILLIMETERS (INCHES)
2. ALL DIMENSIONS ARE MAXIMUM

GENERAL &3 ELECTRIC



CELL OUTLINE

—

32.31[1.272] DIA

58.42{2.300]

D

GENERAL % ELECTRIC

NOTES:
1. DIMENSIONS ARE IN MILLIMETERS (INCHES)

2. ALL DIMENSIONS ARE MAXIMUM



CELL QUTLINE

32.31[1.272]1DIA

87.

38[3.440]

NOTES:

1. DIMENSIONS ARE IN MILLIMETERS (INCHES)

2. ALL DIMENSIONS ARE MAXIMUM

GENERAL &3 ELECTRIC
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ACCESSORY BATTERY PACK |
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SPECIFICATIONS
Weight

Voltage 12.0 volts

Capacity 4.5 Ah (nom.), 54 Wh
Charge time 16 hrs.

Charge rate 400 mA

Case material

Protection device

3.8 Ibs. (1724 g)

High impact, flame
retardant plastic
Self-resetting 18 amp
circuit breaker

PERFORMANCE

TYPICAL RUN TIME vs DRAIN RATE TYPICAL DISCHARGE CURVE
@ 25°C @ 25°C
14 4
PN % ) 2 § 1 ‘\\ 0.4 Amps
10 Slzs, %2 8 ® 12
:4 ,4‘4‘3~: gécgs 3% %’g 2 Z 4 & Amps
2 °Cr £a -S| 23| E & 1
= 1 ES|125 15| [E o
e N 3 o
w2 =
= 1 w 7
= el g s
z 8 = I 5 5+
2 i3 3
2*H ; g
3 a 39
12 ‘ 1 { + 24
ST i : {’ i
s 35 w2 e 25 53 e250 5708 I I L
DISCHARGE RATE % OF RATED CAPACITY
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ACCESSORY BATTERY PACK I

PLEASE NOTE: Dimensions are preliminary and are subject to change without notice.

SPECIFICATIONS

Woltage 12.0 volts Weight 1.8 Ibs. (.83 kg)
Capacity 2.0 Ah (nom.), 23 Wh Case material High impact, flame
Charge time 16 hrs. retardant plastic
Charge rate 200 mA Protection device Self-resetting 3 amp

circuit breaker

PERFORMANCE

TYPICAL RUN TIME vs DRAIN RATE TYPICAL DISCHARGE CURVE
@ 25°C @ 25°C
‘g ° © 1¢ ]
3 8
gs hh 3 E 22 Ll 1 Amp
5 <z -] ]
3. S5 g z s »
= g o&a w1
- S o
2 =
w — 9
S g o
= 60 P,
z w 7
S g 2 o]
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2 2 o B
H 24 [5) 4
18 g
3
12 24
6 14
WATTS) 8 4 5 6 78 910 20 T~
(AMPS) 25 33 42 50 58.67.75.83 17 0 70 20 3 4 50 & 70 8 % 100 110
DISCHARGE RATE % OF RATED CAPACITY
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CONSUMER BATTERIES

ﬁECHARGEABLEBATTERES

~ "

rechargead

& nickel-

@ cadmium
[EHELY

D |
L |

CHARGERS

ubte

5
d,;onmge' -

BC-2
Recharges up to 4 AAA, 4 AA,
2 C or D and 1-8 volt batteries

CHARGE 4
Chargesupto 4 AA, C,
D or 2-9 volt batteries

Batteries not included

CHARGE 8
Charges up to 8 AA, C,
D or 4-9 volt batteries

Batteries not included
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Remove entire sheet from Manual, fold in half with address showing, add stamp and mail.

GENERAL @ ELECTRIC
Nickel-Cadmium Battery Application Handbook

Registration/Information Form
Please mail in this form to receive updated literature for your handbook.

IR R I TN

TITLE FIRST NAME M. LAST NAME

I N

DEPARTMENT /JOB TITLE/ MAIL CODE

,[IIIIIIIIIIIIlllIllIltIIIIIII]

COMPANY NAME

ll!IIIIIIIIII!IIIIIIIIIIJIIIIII

STREET ADDRESS OR POST OFFICE BOX NUMBER

{IHIIIIIIIIIIII!II|rlllll"{!ll]

cITY STATE ZIP CODE

[llllllllllll}

COUNTRY

[0 Please contact me to discuss my application.
My telephone number is:

o) Ll O I = N R

AREA OR INTERNATIONAL CODE NUMBER EXTENSION

Please complete the following information.

Type of Business

O O.E.M. 0 Consultant
1 Distributor O Academic
{1 Battery Assembler O End User (Consumer)
O Retailer O Other
Type of Products
O Computer/P.0.S./EDP 0 Toys/Hobby
[0 Communications O Instruments & Controls
O Power Tools [ Lighting
0O Housewares/Personal Care [0 portable
I Military [0 emergency
O Medical ] Other
[0 Consumer Electronics & Appliances

Product(s) manufactured




Remove entire sheet from Manual, fold in half with address showing, add stamp and mail.

Battery Usage
Currently use Batteries O Yes 0O No
If yes, what type?
[0 Primary {throwaway)

0 Lithium [0 Mercury
1 Carbon Zinc/Alkaline O Silver
{3 Other

O Secondary (rechargeable)

[J Nickel-Cadmium [J Lead Acid
0 sealed [ sealed
[0 flooded O gelled
[0 pocket plate [0 standard (automotive)
O Other
O Other

FOLD HERE
Ly 0 F & & I @& & ‘2 _F I I I _J /]| -_ WS SRS SN MR B S S SN S
PLACE
STAMP
HERE

General Electric Company
Battery Business Department
Attn: Technical Marketing
P.O. Box 861

Gainesville, FL 32602-0861
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