BATTERY CHARGING BASICS & CHARGE
ALGORITHM FUNDAMENTALSOCT 2015

Introduction:

The purpose of this document is to discuss methods of using Deltran Battery Tender®
battery chargersto charge Lead Acid and Lithium lon batteries. Many battery chargers
work well with a particular type of battery, when that battery is used in a specific
application. The parameters that define any battery application include not only
electrical charge and discharge requirements, voltage and current amplitude limits and
timing, but also environmental operating and storage conditions. Although not discussed
in this document, a typical list of environmental conditions would include temperature,
shock and vibration, particulate matter (dust, dirt, etc.) and moisture (humidity, spray,
splash, and submersion).
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What happens to a battery when it is charged and discharged?

In the simplest sense, discharging a battery removes its stored electric charge and delivers
it to an electrical appliance to do some type of work. When the charge movesit iscalled
electrical current. Charging a battery reverses that process and attempts to restore the
battery to its original condition, storing electric charge to be used during the next
discharge event. The electric charge is supplied by an electronic power supply with
special control circuitry to tailor the output characteristics of the power supply to the
specific needs of a battery. We call that type of power supply a battery charger.
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For Lead-Acid batteries:

The chemical reactions during discharge convert lead, lead oxides, and acid (the
electrolyte) into free electrons (electrical charge to be delivered to the load), water, and
lead sulfates. The chemical reactions during recharge attempt to completely reverse that
process. The perfect recharge balance would completely break down the lead sulfates
and convert them back to lead oxides, lead, and by recombining with water to re-form
acid without losing the hydrogen and oxygen gasses that make up the water.

Also, the majority of lead would be returned to itsinitial pre-discharge state. The
primary motivation for the Absorbed Glass Mat battery design is to minimize the loss of
oxygen and hydrogen gas that will be released at recharge voltages that exceed levels
between 13.8 V (2.30 volts per cell) and 14.2 V (2.37 vpc). These voltage ranges apply
to 12 V lead acid batteries, which each contain six cells that have anominal voltage of
2.15V when fully charged. Most lead-acid battery chargers have output voltages during
some portion of the charge algorithm that are higher than the gassing voltage.

For Lithium Ion batteries:

The chemical reactions during discharge and charge perform similar functions in terms of
changing the characteristics of the anode material, usually some type of carbon and the
cathode material, some type of lithium metal compound. For the Deltran Battery
Tender® Lithium Batteries, the cathode material is Lithium Iron Phosphate (LiFePO,).
The specific chemical changes are obviously quite different but the principals of
extracting and replenishing electric charge till apply in ageneral sense.

The specific voltages framing the charging parameters of lithium ion batteries
performance are quite different from those of lead-acid batteries. The lithium cell
voltages areintrinsically higher: nominal fully-charged values are 3.3 to 3.6 volts per
cell vs2.15 volts per cell for lead acid. Therefore the voltage values affecting
performance and representing state of charge will also be higher for lithium ion batteries.
Also, it only takes four individual cellsto make up a12 V lithiumion battery.

What is a charge algorithm?

Generally, an algorithm defines a series of steps or a procedure or an equation for solving
aproblem. Now that we have survived deep into the age of digital technology, literally
every electrical appliance and electronic device on this planet and beyond is saturated
with software. Software is nothing more than alarge collection of individual algorithms.

So what is acharge algorithm? The battery charger controls the voltage that is applied to
the battery, the amount of charge current that is supplied to or more appropriately, made
available to the battery, and the timing for these voltage and current amounts to co-exist.
The battery charger attempts to recondition the battery to a useful state, with sufficient
charge to do useful work on the next discharge. The ordered sequence of eventsthat are
observed during that reconditioning, the parameters that are monitored, the decisions that
are made based upon the values of the data describing those parameters, and the display
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of indicator lightsto help the user understand what progress is being made or what
problems are occurring, al make up the ‘ charge algorithm’.

Note: The details of the chemical and physical changesinside a battery whileit isbeing
discharged or charged are not as important as the empirical observations of the effects of
discharge current amplitudes and times and the application of charge voltages and
currents over time. Just as the observations of the physical world around us have led
scientists to apply mathematical structure to the phenomena responsible for those
observations, the development of charge algorithmsis far more dependent upon empirical
observations than upon mathematical model predictions. Mathematical models are useful
to apoint. But the fine details of charge optimization often remain hidden until the
correct charging sequence is discovered by evaluating experimental resultsin a controlled
environment.

The following discussion isintended to be an overview of the different charging modes,
or methods, or stages, or phases, or steps that may be included in a charging algorithm.
Depending upon who you are talking to when discussing battery charging algorithms, any
one of those 5 words may be used interchangeably. ‘Steps seemsto be the preferred
description throughout the battery charging industry.

Battery Charging Algorithm Fundamentals:

Distinct Steps and Infinite Sequential Monitoring (ISM™)

There are anumber of distinct, definable charging modes, or methods, or stages, or
phases, or steps within a battery charging algorithm. Not all of these steps are essential in
every battery application for every type of battery. Also, given the increasing complexity
of optimum charging requirements for many batteries in the 21% century marketplace,
Deltran Battery Tender® battery chargers have come to depend more upon the Infinite
Sequential Monitoring (ISM ™) approach in the executive microcontroller code that
governs the behavior of the battery chargers. In other words, although any number of
specific charging steps may be available for execution, usually sequentialy, in the
definition of any given charging algorithm, the ISM ™ executive control overlay
performs the essential task of optimizing the battery charger performance over awide
range of operating conditions.

Let’s consider what we can define as meaningful steps to be included in a charge
algorithm. Let’s also consider what often happens in the marketplace. The desire for a
manufacturer to differentiate a product from its competitors can sometimes result in the
creation of technical jargon that may not be the most beneficial in terms of helping end
usersreally understand how the technology actually works.

So let’ stalk about the details of the steps and try to avoid unnecessary technical jargon.
The numbering of the steps and the order of their presentation ssimply indicates atypical
sequence in which they would appear in any given charge algorithm. Again, not all steps
are available nor are they necessary in all charger algorithms.
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First Step: Initialization or Qualification.

This step has been around and incorporated in battery chargers from day one. Although it
may not have been clearly defined or even considered to be astep. But truthfully, it may
be the most important step in terms of safety. Virtually all battery chargers measure the
condition of the electrical connection between the battery and the battery charger output.
The specific limits of the parameters may differ, but the behavior of the voltage and
current measured at the battery charger output give afairly clear indication as to whether
things in the battery charging world are normal or not.

As an example, if the charger output voltage is positive and the output current is zero,
then that is a good indication that there is either no connection or an extremely poor
connection between the charger and the battery. In technical terms, that is an open
circuit, or very high impedance at the output. Thisisacommon circumstance caused
when afuse has opened between the charger and the battery. That isacondition whereiit
iswise to shut down the charger output and give the charger operator an indication that
something is wrong, like flashing a specific color light or flashing more than one color
light in a specific timed sequence.

Another common example is when the output voltage is positive and the output current is
negative. That would normally indicate that the battery terminals are connected
backwards to the battery charger output. Y ou would think that the voltage would aso be
negative, but because of the laws of physics and electrical circuits, it is still possible for
the charger to read a positive voltage. One more thing, all Deltran Battery Tender®
battery chargers are designed to prevent negative current, which if unchecked, would
drain the battery.

Second Step: Recovery.

This step is necessary to deal with severe over discharge situations. Both lead acid and
lithium batteries may be subject to this problem. If you forget to turn off your lightson a
power sport vehicle, then you can completely drain your battery in ashort time. The
philosophy behind recovery isto use low amplitude current to gradually build up the
charge stored in the battery and support a voltage sufficient for the battery to accept a
normal recharge regime. Even with asmall current, there should be a minimum amount
of voltage available. For 12 volt lead acid and lithium batteries, that value is about 4
volts. Anything less than 4 volts, and the recovery mode will not be employed. In the
family of lead acid battery chargers, the recovery step is more of a background, on-
demand type of function. In the family of lithium ion battery chargers, the recovery
function is more distinct and clearly defined because the lithium ion batteries are more
susceptible damage if the recovery parameters are not tightly controlled.

Third Step: Bulk Charge.

This step has the honor of occupying the unique position as being the only truly essential
step in a charge algorithm, at least for lead acid batteries. Here you allow the battery to
draw as much current as the charger will allow (called the current limit) until the battery
voltage rises to a predetermined maximum level. When the voltage reaches that

Deltran USA, LLC, 801 Inter national Speedway Blvd, Deland, FL 32724 Page 4 of 9
Phone 386-736-7900 FAX 386-736-0379 www.batterytender.com Revised October 2015




R PR
i 7%

BATTERY CHARGING BASICS & CHARGE
ALGORITHM FUNDAMENTALSOCT 2015

maximum level, the charger may be turned off. Before the voltage reachesits
predetermined maximum level, the current will stay at close to its maximum value, or the
current limit. Most charger manufacturers refer to this step as a‘ constant current
charging mode’. In most cases, after bulk charge is complete, the battery will be about
80% charged. That is good enough to use it again without doing anything el se.

Fourth Step: Absorption Charge.

During this step, the behavior of the voltage and the current is reversed from that
observed during the bulk charge step. The voltage is held constant and the current is
allowed to decrease naturally. If you look at the graphs, during bulk charge the voltage
startsto increase in astraight, linear fashion. Then as the voltage approachesits
predetermined maximum level, the curve follows more of an exponential curve. During
absorption, the current decays following a straight, linear path, then curves and tapers
into avery low level, where it stays until the value of the charger output voltage changes.

The importance of the absorption charge step directly relates to completing the full
replenishment of the individual battery cells. There are very complex mathematical
equations that could explain the chemistry of this phenomenon, but the truth is that most
of the useful knowledge available for charge algorithm applications has come over
decades of trial and error. Y ou will be hard pressed to find an explanation that justifies
the effectiveness of the absorption charge step that does not include avery strong
dependence upon empirical data. That is particularly true when you consider that the
absorption charge step is only completely effectiveif it is allowed to continue long
enough so that there isa minimum of several hours, probably at least 4 hours, when the
battery is drawing virtually no current, but the applied voltage is kept high, at the
absorption level. At first glance, that seemsto make no sense. But it is absolutely true.

Fifth Step: Equalization Charge.

For lead acid batteries, this step isimportant mostly for anumber of batteries being
charged by a single voltage output charger while the batteries are connected in a series
string. 1t takes a number of batteries to clearly observe the effect. Four batteries are
usually enough. The mechanics of the equalization step appear graphically similar to a
combination of the bulk charge and absorption charge steps. The difference is that the
current starts out avery low level, approximately at 2 to 5% of the current limit of the
battery charger, or at smply avery low fixed level, like 0.5 or 1.0 amp.

Depending upon how the actual equalization charging current value compares to the
numerical value of the battery capacity in amp hours, and depending upon the
equalization charging voltage limit, the charging current will only remain constant for a
very short time. Then, for the balance of the time remaining in the equalization step, the
voltage and current will behave as they do in during the absorption step. However, both
the voltage and the current amplitudes are different.

What is the observable effect on batteries connected in series? The fundamental
definition of a series connection is that one current flows through all of the elements that
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are connected. If asingle charge current is applied to 4 or more 12 volt batteries
connected in series, then without the equalization step it islikely that the individual
voltages on the 12 volt batteries may vary by as much as 0.2 volts. For example, after
recharge, the voltages on the 4 batteriesin a48 volt string might be 12.85, 12.8, 13.05,
and 12.9 volts. If you add these voltages together, the sum is 51.6 volts which is that
same as 4 batteries with each voltage = 12.9 volts. That isthe theoretical 100% SOC
value for alead acid battery.

We'll discuss why those individual differences might exist later. For now consider that
1.5 volts represents the full capacity range on asingle 12 volt battery. Therefore 0.2 volts
represents about 13% of that range on a single battery. What happens to those individual
voltages when we employ the equalization step? The readings changeto 12.89, 12.9,
12.91, and 12.9 volts. The range of variation is now only 0.02 volts, or 1.3% of asingle
battery’s full capacity range. This shows that al 4 batteries are charged equally, based
simply on the observation of the terminal voltage.

Why theinitial difference? Remember that each 12 volt |ead-acid battery is made up of 6
individual 2 volt cells. Thefully charged voltage of each cell is2.15 volts. What if the
cells do not perform identically and their voltages vary to the point where their combined
value varies between 12.85 and 13.05 volts. That is exactly what happened. The remedy,
which isto apply equalization level charge current, doesin fact “equalize’ the voltages.
But the explanation remains in the realm of empirical observation. Not as satisfying as
solving some mathematical equation, but effective none the less.

Sixth Step: Float / Maintenance Charge.

This step is very important in terms of the fundamental Battery Tender® defining
concept. The whole purpose of float / maintenance isto maintain afully charged battery
in that 100% State of Charge (SOC) condition. For nearly all batteries, that means
applying avoltage to afully charged battery that is 1 or 2 tenths of avolt above the
voltage that the battery would support to indicate that its SOC = 100%. Also, the battery
must be at rest, not being charged or discharged.

In most cases, a 12 volt lead-acid battery, at 100% SOC, will have arest voltage between
12.8 and 13.1 volts. That means an effective float voltage need only be as high as 12.9 to
13.2 volts. However, most Battery Tender® battery chargers have float voltages between
13.3 and 13.5 volts. The important thing isthat the float voltage should be higher than
the fully charged rest state battery voltage and it should be lower than the gassing voltage
which isabout 13.8 volts. See the discussion about float charging on the Battery
Tender® website. It is definitely worth your time to read that document.

The float voltage requirements for the 12 volt lithium ion battery, specifically the lithium
iron phosphate battery are alittle higher because the combined voltage of 4 lithiumion
cellsat 13.3 voltsis higher than 6 lead acid cells at 2.15 volts.
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5-Step Lead Acid Charging Algorithm

In the following figure, the text boxes above the voltage and current graphs contain the
details for the charging steps. The time scale is not proportional to any real time. It set to
match up with the text boxes. That isfor display information only.

Step 1 = Qualification: Battery Tender® Battery Chargers Optimized to Recharge

PR Lead Acid Batteries (5-Step Charging Algorithm)
minimum amplitude.

(approximately 4 volts DC,
could be as lowas 2VDC)

If battery voltage less than
required minimum, STOP
all DC output functions
and Set LED OP to Initial
Error Indication.

If battery voltage >=
required minimum, then

Step 2 = Bulk Charge:
Set LED OP to Bulk
Constant Current
High Amplitude =
Current Limit

Max Time Limit
approx 72 hours.

If Voltage < Vaes after
Tmax then Error,
Stop All DC functions
and Set LED OP to

Step 3 = Absorption:

Set LED OP to Absorption
Constant Voltage
Amplitude = Absorption
Level.

Max Time Limit approx 6
to 8 hours.

If Current falls below low
limit, then go to Float.

If Time exceeds Max
Time Limit, then go to

Step 4 = Equalization:
Constant Current Low
Amplitude 2 to 5% of
Current Limit

Max Time Limit
approx 10 to 30 min.
Max Voltage Limit
varies: 15.5 V min If
Voltage >= VEQmax
then hold constant.

If Time exceeds Tmax

Step 5 =Float /
Maintenance Charge:
Set LED OP to Float
Constant Voltage
Amplitude = Float Level.
Current Amplitude is
Very Small

Max Time Limit : None
MNOTE: If battery
voltage falls below Low
Voltage Limit, then

Bulk Error Indication. Equalization. then go to Float restart charge
If Voltage >= Vags Charge. algorithm.
then hold constant
and go to Absorption

— Charge.

Voltage 16] Current /

(Valts) 15| (Amps) Voltage Increases Voltage
14 Voltage then held Constant Constant
13 13 Constant
12 1.2| Current x o 2

5 Consult Owner's manual for specific LED OPeration sequence.

11 1.1 Constant
10 1| Voltage Current

P 09| Increases Decreases Current Levels Shown for Low Power

P 08 BT Plus Battery Chargers

7 07 /

[ 0.6

5 05 Voltage Levels Shown for S

2 0a Typical Lead Acid Batteries Low Level 2

3 0.3 / of Current Limit

= Current
0.2 i
.2 — \;\ Extremely Low
1 0.1 -
Time = Time = I Time = | Time = |

Start Bulk Charge Start Absorption Charge Start Equalization Start Float / Maintenance Charge

Figure 1l Lead-Acid 5-Step Charging Algorithm

Looking at the graph, the first real charging step is Step 2, Bulk Charge. After successful
qualification, depending upon the charger being employed there are varying current
limited, timed voltage generation tests that are not specifically shown. Given the
complexity of those tests, they could certainly be considered to be arecovery mode, or at
aminimum, an extended qualification mode. Sufficeit to say that other factors are being
considered to ensure safety and the validity of the decision to proceed into the basic
charging steps.
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5-Step Lithium Iron Phosphate Charging Algorithm

In the following figure, the text boxes above the voltage and current graphs contain the
details for the charging steps. The time scale is not proportional to any real time. It set to
match up with the text boxes. That isfor display information only.

Step 1 = Qualification: Battery Tender® Battery Chargers Optimized to Recharge

Check for battery voltage
minimum amplitude.
(approximately 4 volts DC.)

If battery voltage less than
required minimum, STOP
all DC output functions
and Set LED OP to Initial
Error Indication.

If 8 > battery voltage >4,
then go to Recovery Mode.

Lithium Iron Phosphate Batteries (5-Step Charging Algorithm)

Step 2 = Recovery
Mode:

Set LED OP to
Recovery
Constant Current
Low amplitude
Max Time Limit
approx 3to 4
hours.

If Voltage < 8 after
Tmax then Error,

Step 3 = Bulk Charge:
Set LED OP to Bulk
Constant Current
High Amplitude =
Current Limit

Max Time Limit
approx 72 hours.
If Voltage < vaBs
after Tmax then
Error, Stop All DC
functions and Set

Step 4 = Absorption
Charge:

Set LED OP to Absorption
Constant Voltage
Amplitude = Absorption
Level.

Max Time Limit approx &
to 8 hours.

If Current falls below low
limit, them go to Float.

If Time exceeds Max

Step 5 = Float /
Maintenance Charge:
Set LED OP to Float
Constant Voltage
Amplitude = Float Level.
Current Amplitude is
Very Small

Max Time Limit : None
NOTE: If battery voltage
falls below low limit,
then restart charge

If battery voltage > 8, then Stop All DC LED OP to Bulk Error Time Limit, then go to algorithm.
: functions and Set Indication. Float.
go to Bulk Charge.
LED OP to If Voltage »Vaes
Recovery Error then hold constant Consult Owner's manual for specific LED OPeration
Indication. and go to consistent with battery condition while charging.
Voltage _lﬁ :' = 'ren.: If Voltage > 8 then Absorption Charge.
{Volts) 15| {Amps) go to Bulk Charge ‘I.
14 Voltage
i 13 Constant
_13 J‘: Voltage Levels Shown for 2 Voltage
12 12 Battery Tender® Constant
11 11| LiFePOaBatteries
10 1 Voltage Current Levels Shown for Low Power
g 0.9 e as BT Junior Battery Chargers
8 0.8 ) /
7 07 Current Current
5 06 Constant Decreases
5 0.5
4 0.4
3 0.3
5 a7 Current
r = Extremely Low
1 0.1 A y o
Time = Time = | Time = I Time = I

Start Recovery Mode  Start Bulk Charge Start Absorption Charge Start Float / Maintenance Charge

Figure 2 Lithium Iron Phosphate 5-Step Charging Algorithm

Looking at the graph, Step 2, Recovery Mode would seem to occupy the position as the
first real charging step. It is specifically shown here and not for the lead-acid battery
chargers because of the more sensitive nature lithium iron phosphate, certainly in terms
of voltage dependence, but also with respect to charge current amplitude.

Don't forget that a 12 volt lithium iron phosphate battery consist of 4 individual 3.3 volt
cells. That isa 13.2 volt 100% SOC voltage. Even though 8 voltsis discussed as alow
limit voltage, in fact, voltages just below 12 are more nearly an indicator of afully
discharged battery.
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A charge algorithm defines a series of steps to control the characteristics of an electrical
power supply configured to perform the functions of a battery charger. More
specifically, the focus is on the output characteristics of voltage, current, and time. This
is essentially a piece of software with many of the same basic characteristics as the
software being used to control the computer screen that you are using to view this
document.

For instructional purposes, only 5-Step algorithms were displayed in detail. With the
display of the charging voltage and current graphs and the companion text blocks, the
hope isthat other charging configurations containing more or less than 5 steps could be
sufficiently understood.

The optimum recharge of a discharged battery depends not only on the charge algorithm
from the battery charger, but configuration and condition of both the battery and the
battery charger, and the compatibility between the two. The application governing the
use of the battery has alarge impact on what parameters constitute an optimum recharge
function for that battery.

It isinteresting to track the progress of battery charging as a parallel effort with the
advance of computer control technology. The search for the holy grail of battery
chargers continues. One charger charges every battery perfectly, in a minimum amount
of time, and in the process ensures that the battery will meet its design cycle life, with
minimum degradation from application specific or environmental issues. Short of using a
mini-Cray computer submerged in atub of liquid nitrogen as the computer core for the
HGC (Holy Grail Charger) it isunlikely that such an optimum charger will be found any
time soon.

The good news s that the Deltran USA, LLC team has made great strides over the last 25
years, even more so in the last 5 years to optimize the Battery Tender® battery charger
configurations. These newer versions of the classic Battery Tender® battery chargers
leverage the advances in electronic components, application specific microcontroller
technology, and computer aided design methodol ogy to offer the most powerful, flexible,
cost effective battery charging solutionsin the industry today.
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