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Challenges and Solutions
in Battery Fuel Gauging

Yevgen Barsukov

ABSTRACT

In recent years, the purpose of battery gas gauging has changed from providing warnings of low state of
charge (SOC) to servicing applications with information needed to make critical decisions. These
increasing demands have been met with improvements in measurement precision and incremental
correction of existing run-time calculation methods. However, the need to provide some applications with
run-time information with an error below 1% for all operational conditions calls for a radical new
solution based on deep understanding of the physics governing battery response to load and its
dependence on parameters such as battery age, temperature, load profile, and others.

In addition, rapidly changing battery models and designs of battery-interfacing electronics favor solutions
that require minimal testing, calibration, and collection of device-specific data. This topic gives an
overview of the advantages and disadvantages of existing fuel-gauging solutions and details radical new

methods that increase portability and simplify implementation.

I. INTRODUCTION

In recent years a clear change has become
evident in the requirements of battery-capacity
(C) indicators. The purpose of the first gas gauges
was to give the end user some qualitative idea
about battery state of charge (SOC) that would
warn of impending power loss. Usually four to
five levels were used to indicate the relative
remaining capacity. Since operation-critical
decisions based on these remaining-capacity
estimates were very limited, sensitivity to their
imprecision was low. However, with increasing
use of battery-capacity gauges, systems within
digital mobile devices such as notebook
computers, PDAs, and hand phones have begun to
make actual operation decisions based on battery-
capacity data. For example, notebooks give
warnings at predefined levels of remaining
capacity and even force a sleep mode. Today,
capacity-estimation error is not only misleading
but typically results in reduced usable run time
because the estimate must provide enough margin
to compensate for possible errors. This can make
the accuracy of the gas gauge as important as the
capacity of the battery.

Methods of achieving higher levels of
accuracy are not obvious. Superficially, accurate

gas gauging might sound like a hardware
requirement — the precision of voltage and current
measurements and the resolution of the ADCs
used. In this sense, modern battery-monitoring
ICs have achieved remarkable improvements.
Tiny battery monitors have achieved accuracies
much better than 1% for voltage and current
measurements. These measurements rival many
research-grade battery testers. However, it turns
out that complications like battery-operated
devices with highly variable loads, or peculiarities
of battery voltage response, require sophisticated
analysis of collected data so that accurate
predictions of usable capacity can be made. That
means that significant on-board processing
capability and new generations of firmware are
needed to satisfy market needs for a reliable
battery monitor. This paper gives an overview of
existing battery gas-gauging methods and discusses
the principles of the new generation of self-
adapting methods.

II. EXISTING BATTERY-CAPACITY MONITORING
METHODS

Currently two general methods are used to
monitor battery capacity. One is based on current
integration and the second is based on voltage
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measurements. In most cases these methods are
combined in a simplistic manner.

The first method relies on the robust idea that
if we integrate all battery charge and discharge
currents, we will always know how much
coulometric capacity remains. Integrating the
current works particularly well when the initial
battery capacity is known and the coulometric
efficiency is 100%. In other words, during
charging, all the coulombs that go into the battery
stay in the battery and all decreases in battery
capacity are due to an external discharge current.

This seemingly bulletproof approach is
modified by predicting self-discharge and battery-
charging efficiencies. After these modifications,
the current integration method is successfully
used in the most recently employed battery gas
gauges. However, these modifications to the
charge integration methods are principally
estimates that may produce errors in particular
usage patterns, such as those with long periods of
inactivity or highly variable discharge current.

If the battery is charged and left unused for
several days, or is just never fully charged for
several charge and discharge cycles, the self-
discharge due to internal chemical reactions
becomes noticeable. Since there is no way the
self-discharge current can be measured, it has to
be corrected with a predefined equation. And,
because different battery models have different
self-discharge rates (which also depend on SOC,
temperature, and cycling history of the battery),
the exact modeling of the self-discharge requires
time-consuming effort in data collection and still
remains quite imprecise.

Although not restricted to coulomb counting,
another problem is that the value of total capacity
is updated only if a nearly full discharge occurs
soon after full charge. If full discharge events are
comparatively rare, considerable decreases of
actual available capacity can commence before
their values are updated by the gas gauge. This
will result in overestimation of available capacity
during these periods.

The second method of monitoring battery
capacity is based on the known correlation
between battery voltage and remaining capacity.
This method was one of the earliest to be applied
because it used only voltage measurement across
battery terminals. It seems to be straightforward,
but the catch is that the battery voltage correlates
in a simple way with capacity only if no, or a very
light, load is applied during measurement. When a
load is applied (as it is in most cases when the user
is interested in the capacity), battery voltage is
distorted by the voltage drop due to internal imped-
ance (R) of the battery. Moreover, even when the
load is removed, relaxation processes inside the
battery continue to change the voltage for hours.
Correction of the voltage drop based on the knowl-
edge of battery impedance is problematic for
multiple reasons, which will be discussed further.

II1. BATTERY CHEMISTRY AND
VOLTAGE RESPONSE

The reason for transient voltage response of
batteries is in their complex electrochemistry.
Fig. 1a depicts basic steps of charge transfer from
the electrode of a Li-ion battery (other batteries

Single -
Particle Passivating

Layer

Electron
Transfer

Diffusion
Inside Particle

Domains of a D
New Phase Diffusion

Inside Particle

Growth of a
New Phase

Fig. la. Simple steps of Li-ion battery-
discharge kinetics.
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have similar steps). The charge has to travel
through multiple layers of electrochemically active
material, storing the energy (anode or cathode)
first in the form of electrons until the surface of the
particle is reached, and then in the form of ions in
the electrolyte. These chemical steps can be
associated with time constants in battery voltage
response. This is shown in Fig. b with the
impedance spectrum of the battery. (These time
constants range from milliseconds to hours.)

After a load is applied, the voltage will
gradually decrease with time at a varying rate and
gradually exhibit a recovery after the load is
removed. Fig.2 shows such voltage relaxation
after a load is applied to a Li-ion battery at
different states of charge.
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Fig. 1b. Impedance spectra of Li-ion battery
with designated areas corresponding to each
kinetic step.
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Fig. 2. Voltage drop and relaxation after a C/3-rate load is applied to a Li-ion battery.
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IV. CONTRIBUTIONS TO ERROR OF
VOLTAGE-BASED GAS GAUGING

Let’s assume that we are going to correct
voltage under load by subtracting IR drop from it
and then using a corrected voltage to obtain the
current SOC. The first problem we will encounter
is that R depends on SOC. If we use an average
value, it will introduce an error in SOC estimation
of up to 7% for C/2-rate, as can be seen in Fig. 3.
A solution for this would be to use a multi-
dimensional table of voltages at different loads
depending on the SOC. The resistance also
strongly depends on temperature, increasing about
1.5 times with every 10°C of temperature
decrease, as can be seen in Fig. 4. If this
dependence is also added to the table, then the
table becomes larger and more computationally
expensive. Gathering the data for an accurate
table such as this is also demanding.

|
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Fig. 3a. DC internal resistance vs. SOC.
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Fig. 3b. Error in SOC estimation performed for
C/2-rate discharge when IR drop is corrected,
assuming constant internal resistance (using
average value).

Considering the transient behavior of battery
voltage response, the effective R will depend on
the duration of the load application. This means
that treating internal impedance as simple ohmic
resistance without considering time will lead to

3
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Fig. 4. DC internal resistance vs. depth of
discharge (DOD) for temperatures from 0 to
50°C (DOD = 1 - SOC).
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Fig. 5a. SOC vs. voltage with indicated
confidence interval resulting from transient error.
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Fig. 5b. Error in SOC estimation depending on
voltage where estimation was performed.

Workbook 1-4



significant errors, even if we consider the depen-
dence of R on SOC taken from a table. Because
the slope of the SOC voltage function depends on
SOC, transient error will range from 0.5% at the
end of the discharge state to 14% in the middle-
charged state (Fig. 5).

An additional complication is the impedance
variation between different cells. Even unused
cells are known to have low-frequency (DC)
impedance variations of +15%. That makes a
significant difference in voltage correction at high
loads. For example, a common discharge C/2-rate
and a typical DC impedance (for 2-Ah cells) of
about 0.15 Q results in a worst case of 45-mV
differences between cells. This may result in an
SOC estimation error of 20%. Fig. 6, which shows
impedance spectra of 50 new cells from two
different manufacturers, indicates the usual
impedance variations between cells. Note that
high-frequency impedance (on the right side of

0.05
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R(2)-Q
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0.025

“Im (2)

0.042 0.064 0.086 0.11 0.13

Fig. 6. Impedance spectra measured at 3.750 V
from 1 kHz to 1 mHz for 50 new cells from one
batch for two manufacturers.

the Nyquist plot) is very similar for all cells;
however, low-frequency impedance, which
actually defines DC performance, shows substan-
tial variation.

Finally, the single biggest impedance-related
problem comes when a cell ages. It is known that
an increase of impedance is much more signif-
icant than a decrease in cell charge capacity. A
typical Li-ion battery doubles its DC impedance
in 70 cycles, while its no-load capacity decreases
in the same period by only 2 to 3%, as can be seen
in Fig. 7. If this effect is not considered, a voltage-
based algorithm, which seems to work for new
battery packs, will fail miserably (with a 50%
error) when the pack reaches only 15% of its life
estimation of 500 cycles.

0.12

0.08 —

-Q

“Im (2)

0.04

0.06 0.1 0.14 0.18

Fig. 7a. Impedance spectra measured in fully
charged state from 1 kHz to 1 mHz after each
10th cycle during 100-cycle charge/discharge test
of Li-ion battery. Continuous line corresponds to
70th cycle.
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Fig. 7b. Voltage profiles measured at C/10-rate at
each 10th cycle during 100 cycles.
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V. USING THE BEST OF BOTH WORLDS

In order to improve the prediction of
remaining battery capacity, a combination of
voltage measurement and current integration can
be used. Although many of today’s methods use
this combination near the end of discharge, the
application of these two methods at higher SOCs
provides important benefits, especially for those
batteries whose capacities vary greatly with
discharge rate and temperature.

Due to very precise correlations between
open-circuit voltage (OCV) and SOC, the voltage
method allows for a precise SOC estimation when
no load is applied and the battery is in a relaxed
state. Periods of inactivity (which are present in
any battery-powered device) can be exploited to
get an exact “starting position” for SOC, as
indicated in Fig. 8.

System ON System OFF System ON

4.2
> 41
) \
(o]
£ 4
>
E 39 .
- \ f -
fis]

3.8 Measurement

N Point \
3.7
0.00 0.50 1.00 1.50 2.00 2.50

Time-h
Fig. 8. Determining the starting SOC for the next
active period using OCV measurement. Measure-
ment is taken during inactive period as shown.

In this manner, the need for self-discharge
estimation for periods of inactivity is eliminated,
as are the inaccuracies from measuring very light
loads (such as those of battery-pack electronic
devices and system leakage paths). Before the
device is switched on, a precise SOC can be
determined. This requires that periodic measure-
ments of voltage be made while the device is off.
These voltage measurements are used to determine
the most recent SOC. When the device is switched
to the active state and a load is applied to the
battery, current integration takes over. This method
can reduce the idle current of the device by making
only periodic measurements and otherwise allow-
ing it to stay in a lower-power state.

Can this also be used to update full-charge
capacity? Yes. When we know the SOC before
and after applying the load, and we have precise
measurements of the capacity removed, we can
easily determine total capacity by knowing the
amount of capacity removed and the corre-
sponding change in SOC (see Fig. 9). This method
can be used whenever the determination of the
SOC and measured capacity removed is known to
be accurate. Small changes in SOC or capacity
may lead to errors, but limits can be used to
disqualify them. While the question regarding
SOC is solved by this approach, the effect of cell
impedance is still an important parameter for
other purposes.

4.05 System ON System OFF Charge System OFF
4.2
4.15
> 41 \ Start of Charge //
S 4.05
£, L\ [ U] ®
> \
>
> 395 \\ E.
£ (P1)
© 39 N
© s N[ ha
3.8 \ Measurement
\ Points
3.75

0.00 0.50 1.00 1.50 2.00 2.50 3.00
Time -h

a. After charging.

System

System OFF ON System OFF

43 System ON

4.2

| |
4.1 Start of Discharge
1S X
)
A\

3.9 \
35 ~
3.7

36 \J _;‘2)=
N

Measurement
34
0.00 0.50 1.00 1.50 2.00 2.50 3.00

Time - h
b. After discharging.

Battery Voltage - V

—T>¢ D/ﬁ

Fig. 9. Estimating total battery capacity by
determining the starting SOC for the next active
period and the final SOC after (a) charging or (b)
discharging a known amount of charge through
the battery using OCV measurement. Measure-
ments are taken during inactive period as shown.
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The total capacity we determine by this
method corresponds to “no-load” conditions; e.g.,
the maximum possible capacity that can be
extracted. Under a non-zero load, capacity will be
less due to IR, drop, which causes the termination
voltage to be reached earlier. If the cell impedance
dependencies on SOC and temperature are
known, it is possible to employ simple modeling
to determine when termination voltage will be
reached at the load and temperature currently
observed. However, as mentioned before,
impedance is cell-dependent and increases rapidly
with cell aging and cycling, so it would not be
useful just to store it in a database.

To solve this problem, one approach is real-
time impedance measurements, which can keep a
database continuously updated. To avoid distor-
tion of impedance measurement by those transient
effects mentioned earlier, a level-detection

-0.66

-0.86 L VAN Y 2N ¥ AR L ILA—- ¥
_§5 I o 1 oY) 13 @'
s i I dn lgy " SN L LN
< -1
h -
§ -1.06 5
5 .
3 ﬂ] =
-1.26 =
L]
3
—1.46
3316.25 34325 3548.75 3665
Time -s

3.77

Voltage - V

3.66

3315.75 3431.5 3547.25 3663

Time - s

Fig. 10. Current level detection in variable load
during notebook operation. Circles indicate
qualified impedance measurement points.

algorithm can continuously monitor load change
and disqualify measurements that happened
during, or shortly after, load change. An example
of such level detection is given in Fig. 10.

Such real-time impedance updates greatly
reduce the problem with impedance variations
between cells and cell aging. As can be seen in
Fig. 11, live updates of impedance data enable
remarkable precision of voltage-profile prediction

at a given load.
——— Data
- Prediction

4.2

Voltage - V

36 ; w

0 0.55 1.1 1.65 22

Time - h

Fig. 11. Voltage profile predicted by fuel-gauging
algorithm on the basis of real-time cell-
impedance updates vs. profile subsequently
measured using typical notebook-load
experimental data.

In most cases, an error below 1% in estimating
usable capacity can be achieved; and, most
importantly, high accuracy is sustained through-
out the entire life of the battery pack.

VI. PLUG-AND-PLAY IMPLEMENTATION AS
FREE BONUS OF SELF-ADAPTING ALGORITHM

Implementation of the algorithm just dis-
cussed removes the need for a preloaded database
describing impedance dependencies on SOC and
temperature because this data will be obtained by
real-time measurements. An initial, simple data-
base can be used while real-time data is collected
for the actual battery pack. The need to correct for
self-discharge is also eliminated. What is still
needed is a database defining the correlation
between OCV and SOC (including temperature).
The character of this correlation is defined by
chemical properties of the anode/cathode system
and not by battery model design specifics such as
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electrolyte, separator, thickness of active material,
additives, etc. Because most cells are manu-
factured with the same chemistry for active
materials (LiCoO, and graphite), the dependence
of voltage on SOC and temperature is common
among them. Experiments support this assertion.
Fig. 12 shows a comparison of no-load voltage
profiles for cells made by different manufacturers.
It can be seen that they are very close, with the
largest deviations amounting to only 5 mV,
resulting in a worst-case SOC error of 1.5%. If a

new chemistry is developed, just one new database
will be needed as opposed to the hundreds of
different databases currently used for different
battery models. This simplifies the implementation
of gas-gauge solutions in a variety of end
equipment. No reprogramming or data collection
is necessary if cells with similar chemistry are
used, even if the manufacturer is changed. This
will practically enable plug-and-play imple-
mentation of battery-monitoring circuits without
compromising on acceptable accuracy.

S£066  Manufacturer A
S>> Manufacturer B
= - Manufacturer C
== = = - = Manufacturer D

Voltage - V

Manufacturer E

34

50 75 100

DOD - %

Fig. 12a. Voltage dependence on DOD for Li-ion batteries of five different manufacturers

(DOD = 1 - SOC).
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Fig. 12b. Voltage deviation from average.
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Fig. 12¢. DOD error calculated if averaged
database is used.

Workbook 1-8



VII. CONCLUSION

An analysis of battery response to load makes
it evident that voltage-based methods of fuel
gauging cannot achieve today’s required accuracy
of SOC estimation. Further, correction for internal
impedance of the battery suffers from transient
effects and variability of impedance with aging
and from cell to cell. Radical new solutions to this
problem use voltage-based methods where no
correction is needed. OCV dependence on SOC is
defined only by battery chemistry and not by cell
design, a bonus that allows a generic database to
be used for a variety of different models.

Current integration during periods of activity
allows precise estimation of the change in SOC

from the last voltage-based estimation. Impedance
information is still needed for calculating the
usable capacity under a particular load and can be
acquired by real-time measurement. Apart from
always providing up-to-date and cell-specific
impedance information, such an approach removes
the need for a preloaded impedance database. This
makes implementation of a fuel-gauge IC that
applies a combined voltage/current-based algo-
rithm much simpler, as no cell-specific data needs
to be collected. An additional benefit is that the
same fuel-gauging solution can be used with cells
made by different manufacturers without repro-
gramming the IC and retesting the solution.
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Battery Circuit Architecture
Bill Jackson

ABSTRACT

Battery-pack requirements have gone through a major evolution in the past several years, and today s
designs have considerable electronic content. The requirements for these batteries include high discharge
rates, low insertion loss from components in series with the cells, high-precision measurements,
redundant safety protection, and no upset with very high electrostatic discharge (ESD) transients.
Virtually all Li-ion protector circuits for one- and two-cell applications have protector FETs in the low
(negative) side of the battery. Key issues particular to a low-side Li-ion protector circuit are discussed.
The transients produced when the Li-ion protector opens during a momentary short or when the battery is
unplugged while under load may exceed the voltage rating of semiconductors in the battery pack. This
topic describes a number of design issues and proposes solutions to resolve or improve them. Resolution
of these issues requires attention to both the circuit design and the printed circuit board (PCB) layout.

Workbook

I. TYPICAL BATTERY CIRCUITRY opened to protect the pack against fault conditions
FOR A LI-ION BATTERY PACK such as overvoltage, undervoltage, and over-
current. The diagram also includes a temperature-

Fig. 1 is a block diagram of circuitry in a . . .
g & ty sensitive three-terminal fuse that will open due to

typical Li-ion battery pack. It shows an example of

. L .. rolonged overcurrent or overtemperature, or it
a safety protection circuit for the Li-ion cells and a p b & forced t by red dp " t, " §
. . . can be forced to open redundant protection = -
gas gauge (capacity measuring device). The safety Uy i th e }E It wh thp . *g
LS T s ircuitry in ca re is a fault wher rima
circuitry includes a Li-ion protector that controls ¢ ctu :y ¢ se.t ¢ P 'ls ¢ 4 g eO °p thr'y =
back-to-back FET switches. These switches can be protection circuilry latls fo respond. Lpening this 9
)
) Protector FETs S
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Fig. 1. Block diagram of circuitry in a typical Li-ion battery pack.
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fuse is a last resort, as it will render the pack
permanently disabled. The gas-gauge circuitry
measures the charge and discharge current by
measuring the voltage across a low-value sense
resistor with low-offset measurement circuitry.
The current measurement is integrated to deter-
mine the change in coulometric capacity. In
addition, the gauge measures temperature and
voltage, evaluates gas-gauging algorithms to deter-
mine the available capacity in the battery, and
computes time-to-empty and other values required
by the host. The available capacity as well as other
measurements and computational results are com-
municated to the host over a serial communication
line. A visual indication of available capacity can
be displayed by the LEDs when activated by a
push-button switch.

I1. OPTIMIZING THE DESIGN FOR
MEASUREMENT ACCURACY

Measurement accuracy requires an accurate
measurement data acquisition system and measure-
ment sensor and also requires a careful board
layout. If the designer does not pay attention to all
these items, the resulting system performance
may not deliver the expected results.

The sense resistor and how it is connected to
the data acquisition system are critical design
decisions. The sense resistor may see changes in
temperature that are much larger than the ambient
variations of the battery pack due to power dissi-
pation in the resistor. Use of a low-temperature
coefficient resistor will improve available capacity
and current-measurement accuracy. The effective
sense resistance seen by the measurement circuitry
may depend on how the printed circuit board
(PCB) etch is connected to the sense resistor. If
the sense resistor is connected in such a manner as
to include some of the PCB etch resistance in the
actual sense resistance seen by the measurement
circuitry, the effective resistance is increased. In
addition to having a larger resistance than
intended, the portion of the effective sense resist-
ance that is due to copper etch will have a very
high temperature coefficient (0.39%/°C). The best
practice is to connect the sense resistor into the
circuitry at the location that includes the least
amount of copper trace in the current path. If this

method is followed, there will be very little error
due to the voltage drop across the connection, and
the connection resistance will not add to the
effective sense resistor value.

If single-ended measurements are made on the
voltage across the sense resistor, it is critical that
the Vgg of the measuring device be connected to
the sense resistor with much care. In the single-
ended system, the measurement system ground
provides one of the inputs for the measurement.
The value that is measured is the difference
between the single-ended input and the measuring
system ground. If the measuring system ground
path has a voltage difference between the on-chip
ground and the ground end of the voltage
measurement desired, this difference will create
an error. The measurement system ground should
tie to a low-current ground etch. The low-current
ground should be separated from the high-current
ground, and the ground end of the sense resistor
should be the tie point where the low-current
ground is tied to the high-current ground. This
will also provide a more robust design for electro-
static discharge (ESD), as discussed later.

Voltage measurements of the battery stack are
also affected by PCB layout and connection drops.
Some battery-pack designs may use nickel straps
from the PCB connection to the battery stack.
Nickel is used because it is easy to weld to the
battery cells, but its resistance is five times as
much as that of copper. When current flows
through these straps, the voltage measured by the
circuitry on the PCB connected to these straps will
not measure the true cell voltage. To measure the
true cell voltage, separate voltage measurement
connections should be made with wiring that does
not carry the load current. This drop may not be
significant, but if the circuitry measures each cell
voltage, such drops will cause the top and/or
bottom cells to measure lower or higher (with
discharge or charge currents) than the other cells.
The same issue exists for copper etch routing on
the PCB. A high-current-carrying conductor on
the PCB will have a voltage drop across it. In
general, the voltage measurement connections
need to be made so that these connections have
very little current flowing through them between
the desired measurement point and the input to the
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measurement IC. If the gas-gauge algorithm uses
the lowest cell voltage for determining when the
battery is empty, a small voltage drop may repre-
sent a significant capacity error and cause the gauge
to report a smaller available capacity from the
battery. If single-ended measurements are made of
the voltage across the sense resistor and also of
the voltage, accuracy considerations dictate that
the sense resistor ground connection should be
very close to the cell stack ground connection.

II1. THERMAL ISSUES

There can be a lot of power dissipation in the
battery pack. There will be some temperature rise
due to power dissipation in the cells. High
currents can also produce appreciable heat from
the protector FETs, sense resistor, and even etch
and wiring resistance. Make sure that intended
temperature measurements are not elevated due to
proximity of the thermal sensor to various heat
sources. For example, if the substrate temperature
of an integrated circuit (IC) mounted to the PCB is
being measured, a narrow etch that runs under the
IC may raise the reported temperature by at least
6° with as little as 2 A flowing through the etch.
This is disastrous if the design is a NiIMH or NiCd
pack and the temperature measurement is used to
determine full charge by a dT/dt charge termi-
nation. An increase of charge current can cause a
false detection of a fully charged condition due to
an increased dT/dt value. Excessive temperatures
may also degrade the measurement accuracy of
the gas gauge by causing drift in the on-chip
reference. A good design practice is to avoid
placing any measurement component close to the
heat sources — for example, the protector FETs
and sense resistor.

IV. TRANSIENT PROTECTION

Most designers will recognize the need to add
transient protection across the pack output
terminals if the battery is used to drive a motor or
highly inductive load. However, many designs
with non-inductive loads do not have any
transient-limiting devices and depend only on
some small capacitors to attenuate the transients.
Li-ion cells have a relatively high inductance for
their size due to construction techniques. If a

battery pack is removed from the system while
under load, there is an opportunity for a damaging
transient to occur. The battery pack should have
sufficient capacitance to reduce transients or have
something to clamp them. An even greater danger
exists if there is a momentary short across the
battery pack. The Li-ion safety protector may
open to protect the cells from this short. If the FET
switch in the protector opens quickly, the L x dI/dt
transient may be very large. Capacitance or
transient-limiting devices on the output of the
pack will not see this transient. The transient will
appear on the cell side of the protector. There is a
potential to damage any components tied to the
cell side of the protector if there is not sufficient
capacitance or other means to attenuate the
transient across the cell stack.

V. LOW-SIDE PROTECTOR ISSUES

Virtually all one- and two-cell Li-ion pro-
tectors are low-side protectors, where the
protector FETs are located between the negative
lead of the battery cell stack and the battery
negative terminal. There are several issues that
can result depending on where the designer
chooses to insert the protector FETs with respect
to the battery-pack electronics.

The Li-ion protectors typically use p-channel
FETs for high-side protectors and n-channel FETs
for low-side protectors. The available voltage to
turn on the FETs is lower for a one- and two-cell
protector, and a low-threshold n-channel FET is
cheaper and has better performance than a low-
threshold p-channel FET.

Circuitry in a battery pack, such as a gas
gauge, needs to measure the battery-cell stack
voltage at all times. This drives the decision to
place the Li-ion protector FETs between the
ground connection of the battery electronics and
the negative pack terminal. This decision creates
two design issues that can exist when the Li-ion
protector FETs are open. Any communication
between the host and the battery electronics may
be disrupted when the protector FET opens. The
more serious issue involves safety. There is a
sneak path for continued charging of the Li-ion
cell stack. If the protection FETs are opened due
to an overvoltage condition, this path allows the
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cells to continue charging — the very condition
that the protector is attempting to prevent.

Virtually all ICs will have an internal substrate
diode from communication lines to the Vgg
ground connection. This diode is part of the ESD
protection structure in the device. A typical device
will be protected to 1.5 to 2 kV by this internal
structure. Typical end-equipment specifications
will have an ESD requirement of 15 kV, requiring
additional ESD protection components. The
internal substrate diode and the external ESD
protection components may both provide a return
path for sneak charging currents from a charger
that fails in a high-voltage fault condition. Fig. 2
shows the path where the charge current may
flow. If the charger voltage exceeds the high-
voltage trip threshold of the protector by more
than one diode drop, the IC substrate diode will be
forward-biased, and charge current can flow
whenever the host drives the communication line
to a logic zero. Resistance in the communication
line will limit the peak current flow, and the duty
cycle of a logic low on the communication line
will affect the average current flow.

Pack+

«—

. o)

—
Battery | Host

Fig. 2. Sneak charge-current path from a high-
voltage charger failure.

There are basically three ways to prevent the
sneak charging from a high-voltage charger when
low-side protectors are used. The most popular
way is to add a blocking diode in the communi-
cation line. A second way is to detect a high-voltage
condition and gate the communication driver so
that it cannot pull low when the high-voltage con-
dition exists. The third way is to add a high-side
FET in series with the charger and to turn it off if

a high-voltage condition exists. These methods are
shown in Fig. 3. To implement the first method, a
diode is placed in the communication line with a
parallel capacitor and high-value pull-down resist-
ance on the battery side of the diode. The diode is
typically a Schottky diode to reduce the impact on
the communication noise margin. The capacitor
provides AC coupling of the communication wave-
form around the diode and also protects the diode
from ESD damage. The pull-down resistance
provides a DC restoration path for the charge on
the added capacitor.

Pack+
©

Regulator

Vee

i
36Ve— 1>
Battery | Host

Fig. 3. Preventing the sneak charge-current path
from a high-voltage charger failure.

VI. ESD CONSIDERATIONS

Most battery-pack requirements include surviv-
ing multiple ESD hits from both direct connection
and air-gap spark discharges. The equipment must
generally withstand both positive and negative
discharges of at least 15 kV to all connector pins as
well as to the case of the battery pack. Most require-
ments go further than just requiring survival,
insisting that there be no observable disruption in
performance. Since the component ratings are
generally much lower than 15 kV (2 kV or less),
the electronics must include protection compo-
nents and design countermeasures to reduce the
ESD damage and upset potential.

ESD damage control is generally provided by
shunt zener diodes, transient suppressors, and
capacitors. Series resistors may be used to limit
the peak current flow. It is noteworthy that 15 kV
may arc across the body of some small resistors,
reducing or eliminating their effectiveness for
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limiting current flow and for decoupling. The key
to designing circuitry that meets ESD require-
ments is an understanding of where the peak
current from the ESD event will flow, the
potential for both capacitive and magnetic
coupling onto other signal lines, and the possi-
bility for secondary arcing from the input that
received the discharge.

Where the Current Flows — The ESD event
will result in a very fast-rising voltage and current
pulse on the line that receives the discharge. The
discharge will seek the lowest-impedance path to
earth ground. In a battery pack, the largest
capacitance to earth ground is from the battery
cells through the case to a hand or other surface
adjacent to the pack. If ESD is applied to the
Pack+ or Pack— connector terminals, the current
path is obvious. If ESD is applied to a commu-
nication or other interface signal, the current will
find the lowest-impedance path to the cells.

The Effect of the Discharge — The ESD event
may cause a 1-ns rise-time voltage pulse of several
thousand volts and/or over 30 A of momentary
current flow. The fast-rising voltage spike can
capacitively couple onto any etch and components
adjacent to the affected line. The fast-rising
current flow from the discharge will create a large
inductive voltage drop along the path of the
current flow. It will also create a magnetic field
from the current flow that can induce transients
into other circuitry through the nearby compo-
nents and etch runs.

VII. ESD DESIGN HARDENING

Start the hardening process at the connector.
One popular technique for improving ESD
susceptibility is to build a spark-gap structure in
the outside etch layer behind the battery-pack
connector. This is a low-inductance (wide) ground
etch that runs close to the etch-pad connections
for the other connector pins. The etch structure
provides a small clearance between points, or
corners, in the etch to encourage a breakdown
from a high voltage across the clearance. The
clearance must be kept free from solder mask, as
the solder mask would increase the voltage
breakdown of the gap enormously. A 10-mil gap
has a voltage breakdown at sea level of about

1500 V. This breakdown voltage is typically less
than the damage threshold of IC inputs. The spark
gap will tend to clamp the peak voltage on the
connector pins other than ground and divert much
of the charge to the ground etch. If the ground etch
is handled carefully, this approach can signifi-
cantly improve the ESD susceptibility of a design.
Fig. 4 shows a typical ESD spark-gap structure in
the etch pattern around the pack connector.

Pack- (Ground) Pack+

Connector Signal-Pin Etch Pad
Spark Gap

Fig. 4. Typical ESD spark-gap structure at
pack connector.

Keep the etch connecting to the top and
bottom of the cell stack away from all sensitive
components. If the connections to the cell stack
run the full length of the PCB, upset from an ESD
event is much more likely due to the capacitive
and magnetic coupling to nearby components and
etch runs. If the Pack+ and Pack— connections can
route through the protector FETs and sense
resistor and then immediately leave the PCB and
connect to the cell stack, a large portion of the
PCB may be relatively free from coupling from an
ESD event. Fig. 5 shows a sketch of component
placement and etch routing that may yield a
design with very high ESD susceptibility limits.

The recommended design practice is to
separate the high-current ground etch from the
low-current ground etch. Even a small inductance
on the high-current ground etch will develop a
large potential across the length of the connection
due to the extremely fast dI/dt from the ESD
event. If sensitive circuitry has connections to
ground at different points along the high-current
ground path, there may be a large differential
voltage between these connections during an ESD
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BAT+

Discharge Charge
FET Bypass around FET
Protector FETs

Low-Level Circuits
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Oef BAT-

J

Ffl

Bypass from —
+to — near
Connector

Pack +

— Spark Gaps
at Connector

Pack — ‘

Sense Resistor

Fig. 5. Component placement and routing to achieve good ESD performance.

event. This differential voltage may allow some
inputs to be momentarily pulled lower than Vgg,
and the resulting substrate current flow can cause
upset of the circuit performance. The best way to
handle this issue is to connect all the low-current
grounds together and then tie the low-current
ground to the high-current ground at a single
point. Make sure that none of the ESD protection
components, such as shunt zener diodes or tran-
sient suppressors, tie to the low-current ground
but tie to the high-current ground instead. This
greatly reduces the possibility for ESD to cause
current flow through the low-current ground and
to create differential voltages between different
ground connections.

Keep bypass capacitor leads short. It is very
important to keep from canceling the high-
frequency capability of a good ceramic capacitor
by adding an inductor in series with it. This is what
happens when care is not taken to keep both
connections to the bypass capacitor short and
wide. A long connection on the ground side of the
capacitor is just as bad as a long connection to the

signal side. Use of a ground plane, where practical,
makes this a lot easier. If an electrolytic capacitor
is required to obtain the needed bulk capacitance,
add an additional ceramic capacitor in parallel to
take care of the high-frequency bypass require-
ment. The frequency components in an ESD pulse
are so high that even ceramic capacitors will seem
inductive. Some critical circuits may benefit from
a small-value (68- to 100-pF) ceramic capacitor in
parallel with a larger (0.1-uF) bypass ceramic
capacitor because the impedance of the small-
value capacitor may be much less at the higher
frequency due to much lower series inductance.
Long connections to series components may not be
a problem and, in fact, may add some inductance
that will aid in decoupling. For example, some
designs use small inductors in series with Voc
connections to aid in decoupling an ESD transient
from a sensitive circuit.

Placing a capacitor across the Pack+ and
Pack— connector pins very close to the connector
and using short and wide etch runs can reduce the
ESD susceptibility. This placement will provide
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an alternate path for a portion of the current pulse
from a Pack+ or Pack— ESD hit and reduce the
peak current amplitude through the etch runs to
the battery cells. This may provide some improve-
ment in the peak ESD voltage transient level that
the pack can withstand.

The Li-ion protector FETs will be in either the
positive or negative high-current path from the
connector to the battery cells. A capacitor around
the protector FETs will provide a current path for
ESD as well as help to minimize peak transient
amplitudes when the protector FETs are switched
off. The shunt capacitor will help limit the voltage
transient across the FETs during an ESD event.
Most designs have two capacitors in series for
redundancy, so that shorting of a single capacitor
won’t disable the safety protection.

Protecting communication or other interface
signals with zener diodes and/or transient suppres-
sors is mandatory. The shunt suppression compo-
nent should tie to the high-current ground as
mentioned previously. It is very important to
insure that the impedance of the path intended to
shunt the transient to ground be significantly
lower than the series impedance to the device
input being protected. A long, thin connection to
the transient suppressor may severely reduce the
effectiveness of the protection components. It is
generally helpful to add some series impedance
both before and after the shunt zener diode or
transient suppressor. Resistance between the pack
connector and a shunt zener diode may reduce the
peak current through the latter and keep it from
failing. The zener diode normally fails as a short
and will render the interface signal useless. The
series resistance may need to be a larger package
style that will withstand a larger voltage without
arcing. This resistance may also protect the zener
diode from failing due to a momentary short from
the interface signal to Pack+. The larger resistor
package will also withstand a momentary
overload for a longer time. Resistance between a
shunt zener diode and the IC input is also effective
to reduce the potential for upset. The IC input will
generally have an ESD protection structure that
has a diode to Vgs. If a negative ESD transient is
applied to the input, the shunt zener diode and
ESD protection diode in the IC will share the
current. A little resistance between the zener

diode and IC input will force most transient
current to flow through the zener diode instead of
sharing it with the IC. Current flow through the
substrate of the IC is very likely to cause an upset
condition in the IC, so removing that possibility is
a big help.

Another design approach to enhance
performance is to implement a reset strategy that
does not always upset the information displayed
to the user. If critical data is maintained even with
a reset, an upset due to an ESD event may not
cause any significant disruption to the user. This
strategy may employ redundant copies of critical
information or checkbyte values that may be used
to determine if the critical data is still useful after
a device reset.

VIII. PACK INSERTION ISSUES

Some designs have communication and/or
interface signal lines to circuitry in the battery
pack. In many cases the ESD protection on these
lines does not clamp a positive transient to less
than the Vo of the battery electronics. If the
circuitry in the battery pack contains a substrate
diode from the communication line to V¢, it is
possible to disrupt the V¢ supply when plugging
in the battery pack. This disruption may cause
improper operation of the battery-pack electronics.
If the host system is not applying a charging
potential to the host-side pack connector, the
capacitance across the battery connections will be
discharged before the battery pack is inserted. Most
battery connectors do not have any provision to
insure that the Pack— or ground connector pin
mates first. If the Pack— pin connects last when
the battery pack is plugged in, there is a path to
pull up the V¢ in the battery electronics tempo-
rarily until it almost reaches the Pack+ terminal
potential. The electrical path to pull up the battery
pack Vcc passes through the host capacitance
from Pack+ to Pack—, through a substrate diode in
the host interface driver from Vgg to the commu-
nication or interface line, and through a substrate
diode from this line to V¢ in the battery-pack
circuitry. The complete path is shown in Fig. 6.
The best design practice is to use circuitry in the
battery pack that does not have an internal
substrate diode to Vc. This has a side benefit of
preventing the battery-pack electronics from
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being able to clamp the communication line to a
low V¢ value resulting from a depleted battery.
The ESD protection circuitry on the communica-
tion line should also clamp the voltage on the line
to less than the maximum allowable voltage. This
will limit the peak transient voltage and prevent
damage to the battery electronics if the ground pin
makes the last connection during pack insertion.

 a— \v

—
Regulator

— (
= KL —
T —— | Gas Gauge +— A

or Other IC ESD
oo ‘J

Vee

Protection

YD E— —

Fig. 6. Pack insertion issue when ground pin
makes last connection.

IX. CONCLUSION

Battery-circuit design and layout are consid-
erably more critical than might be expected. The
combination of battery requirements includes:
high-amplitude ESD to connector pins and exposed
surfaces, coupling from an ESD event to nearby
etch and components, heavy load currents, plug-
ging and unplugging with power on the connector
pins, multiple circuit ground references including
high-current grounds, measurement of very small
signals, and thermal management. Meeting these
requirements and implementing the design on a
circuit board that may be almost too small to hold
the required components provides an extremely
difficult challenge. The key to a successful design
is the recognition of the various issues prior to
starting the design and a close control of the PCB
layout by the design engineer. A good design is a
layered approach; removing any one layer will
reduce the effectiveness of the others.
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Design Considerations and Advances
in Portable Power Battery Chargers

Charles Mauney

ABSTRACT

Battery-charger demands have changed from a simple stand-alone charger to an embedded charger and
power source for the system. This topic provides some insight into the many new issues the designer
should consider when designing either a linear or a switching regulator. Common transient issues caused
by hot plugging/unplugging the adapter or system load during operation are presented. Problems and
solutions surrounding use of a stand-alone charger to charge a battery with a system load in parallel are
discussed along with the optimal solution for powering system loads.

1. INTRODUCTION

Providing power to a system is often regarded
as a last-minute task, delegated to a systems person
or an engineer with little power-supply design
experience. This paper attempts to help the
inexperienced power designer avoid many of the
common mistakes made in portable power product
design. Section II discusses the pros and cons of
linear and switcher power conversion for a given
application. A general theory of operation is fol-
lowed by an explanation of a FET driver circuit, a
current mirror circuit, and design considerations for
component selection and layout. Section III high-
lights the potential hazards that may be caused
by connecting and disconnecting active charger
sources and loads. Typical application scenarios
are modeled, simulated, and presented. Section IV
explains the issues introduced when a system load
is connected in parallel with a battery under charge.
Several application “work-around” solutions are pre-
sented. Section V explores an alternative solution
that avoids many of the pitfalls introduced when
the system is connected in parallel with the battery.

II. CHOOSING BETWEEN A LINEAR AND
SWITCHER BATTERY CHARGER

There are two basic types of power conver-
sions — a linear regulator and a switching regulator.
A linear regulator is similar to a resistor divider
where the regulator drops the input voltage down
to a usable “charging” voltage (see Fig. 1a). The

DC+ 3 : OouT+H
C
B

Drive

—=CiN Feedback —=C2 —Battery

Controller

DC- J DC-
I = lour, YE

Efficiency = (Voyt/Vin) 100

Fig. la. Linear regulator.

DC+
< R1 (Q1 variable resistance)
Regulator, 6-Q
—— Battery
DC-

Fig. 1b. Equivalent DC circuit.

current is the same through both resistors (see Fig.
1b, where the top resistor represents the regulator
and the bottom resistor represents the load). From
the following equation one can see that, if 10 V is
applied to a series 6-Q regulator and a 4-Q system
load resistor, the system voltage will be 4 V and
the current will be 1 A.
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I=Veys/R=10V/(6Q+4Q)=1A

Vsvs = Vi 'RZ/(RI +R2)
—10V-4QU6Q+4Q)=4V

P=1V
PRIZIA'6V:6W
Pro=1A-4V=4W

R1 (Q1, the linear pass element) will dissipate
6 W and R2 (Rgystem or battery) will use 4 W. One
can see that, for a linear charger with a 10-V input
and 4-V output, only 40% of the energy will be
delivered to the system or battery. The linear
design does not require an inductor or diode and is
generally less expensive than a switcher for low-
power, low-dissipation designs. As power demand

L Res
Y Y (AT
DC+ 5 X { YA oUT+
B
Drive D4
e — ——_ Batt
TOn Feedback = Cout attery
Controller
DC- % DC- )
Fig. 2a. Buck power stage.
Q
. ON c L RCS
oer «J ‘2aae A ouTY
i
Input capacitor Drive
supplies initial -5
energy when  —=Cin Feedback Cout == —— Battery
switch turns on.
Input capacitor and supply are the source
Controller of energy during the on time of the switch.
DC- % DC- )
Fig. 2b. Current flow when switch is on.
L Res
DC+ Qorr | N VWA OUT+
Input capacitor Drive % D
is charged by | , — Batt
supply during off | ==Cin Feedback Cout =+ —- battery

time of switch.

Controller

DC-

d

Inductor is the source of energy

uring the off time of the switch.

Fig. 2c. Current flow when switch is off-

T oo
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increases or as linear efficiencies decrease, the
cost or the ability to manage excessive power
dissipation will make the linear topology a less
desirable choice.

Switching regulators can boost or buck the
input voltage. The buck switcher design converts
(bucks) the input voltage down to a lower desired
output voltage. The buck switcher (see Fig. 2a) is
connected between the input supply voltage and
the output load (battery or system load). Q1, the
power switch, is turned on and off at a high
frequency (> 50 kHz) by the controller for a
controlled on time (toy). This results in a square
wave with amplitudes between Viy and ground,
with a duty cycle proportional to Vour/Vin (see
Fig. 3). This square wave is applied to a low-pass
LC filter that averages (filters) the signal, pro-
ducing a DC output waveform. The controller
monitors the feedback from the output and makes
the necessary adjustments to the duty cycle to
maintain the desired regulation. This power con-
version method is more efficient than the linear
because it stores excess energy in the inductor
during the on time of the switch and delivers it to
the load during the off time of the switch.

A. The Power Stage

In Fig. 2a, the power stage that converts the
power from the input to the output consists of C3
(the input capacitor), Q1 (the power switch), D4
(the free-wheeling diode), L2 (the output filter
inductor), R20 (the current sense resistor), C12
(the output capacitor), and the load (battery or
system). The reference designators are the same
ones used in the power stage of the bq2954 IC
EVM schematic in Reference [1].

There are two stages to the power conversion,
one with the switch on and one with the switch off
(see Figs. 2b and 2c¢).* The control loop operates

*Note that, when the switching regulator switch is on, it
provides a low resistive path and, when off, it has a very
high resistance. In either state, the transistor is dissipating
very little power (P =1V; i.e., low voltage times load current
or input voltage times approximately zero current). For a
bipolar switch, the power dissipation is approximately:
P=Ic+Vgc+Ig+Vgg+d

where 0 is the duty cycle. A MOSFET has three main types
of power dissipation: The dissipation to drive the capaci-
tances of the FET (switch FET on and off), the dissipation
during the transition times from off to on and on to off
(linear region of the FET), and the dissipation due to the
switch current during its on time.

2.0 I I
Switch Q1 Off: Switch Q1 On:
Inductor Current through D1 Input Current through Inductor

10 el A/ /L\ \ L\
< — — r/,g, — r/a,
£ H=-latc
: L —
(s} 0 = a =

-1.0
10.00 = & =
Drive Control @ / Q1-C O = Vorive
S 43% Duty Cycle 471 Switching & =Varc
. { Node q -v
® V =Ve11
g >0 o o o - - o
g v ’ \ \ ﬁl \ \Y v
Average of Q1-C
Switching
Node: Voyr
= : = a
-0.87 }
735 740 745 750 755
Time - ys

Fig. 3. Buck switcher waveforms.
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on a fixed pulse-width modulation (PWM) that
turns on the switch at a set time each cycle. If the
switching frequency (f) was set to 100 kHz, the
switch would turn on every 10 us (1/f). The
control loop, in steady-state operation, would turn
off the switch after the current or voltage condi-
tions were met. (The switch is usually on between
1 and 9 ps, depending on the input and output
conditions.) For Li-ion battery chargers, there are
usually two control loops, one for maximum
constant current regulation and one for voltage
regulation. Both loops control switch Q1 via an
“or” operation. The current loop is in control until
the cell voltage reaches 4.2 V, and then the voltage
loop takes over as the current tapers off. When the
switch is on, the current flows from the input
capacitor through the switch, inductor, and sense
resistor to the output capacitor/battery/system;
then it returns through the ground plane to the
input capacitor. The source is charging the battery
and at the same time charging the output inductor.
During the switch on time, the inductor’s current
ramps up at the rate of:

di/dt = Vipayetor/L
= (VIn = Vsw — Vsns — Vour)/L

When the control loop turns the switch off, the
input current through the switch goes to zero (the
source replenishes the input capacitor’s energy
during the off time). The output inductor’s current
cannot change instantly; so after the switch is
turned off, it has to become the source by flipping
polarity. Now the current flows from the inductor
through the output capacitor/battery/system,
through the return ground plane, through D4, and
back to the inductor. While it is the source of the
current, the inductor’s current ramps down at a
rate of:

di/dt = (Vlnductor + VDiode)/ L

The cycle repeats with the switch turning back
on. The power stage components should be placed
in sequence in the layout as the current flows from
input to output. The routing should be heavy etch
or mini-complex planes that connect the com-
ponents, with the return path being routed on an
adjacent layer underneath the path on the top
layer. For this topology, a ground plane can be
used as a good return path. The intent is to have all

currents return to their source along the same path
they initially followed, which will minimize the
path length and keep them clear of sensitive
components. It will also minimize the noise by
reducing the inductive loop (antenna).

B. The Drive for the Switch Q1

The switch Q1 dissipates large amounts of
energy in its active region during its transition
between the off and on states. The faster this
transition occurs, the lower the transition power
loss. Linear regulators continually operate in their
linear state and usually have poor efficiencies
unless the overhead voltage is minimized. A low-
impedance drive circuit, shown in Fig. 4, is
required for turning off the bipolar switch to
decrease switching losses. The bipolar switch,
when fully on, is in saturation and requires a high-
current drive to remove charge stored in the base
quickly for a fast turn-off transition. A high signal
(~4.7 V) from the MOD pin turns on Q4 and
provides a constant current programmed by R16
[(4.7V —0.7 V)220 = 18 mA]. This provides an
18-mA drive to turn on Q1 via D3. To provide fast
turn-on of Q1, D3 shunts L1 initially until L1
ramps up to 18 mA, and then D3 turns off. When
the MOD pin goes low, Q4 turns off; and the
inductor flips polarity and becomes the source to
drive its current into the base of Q2. This will turn
on Q2 and drive the base of Q1 to its emitter’s
voltage, which will turn off Q1. R1 insures that
any Q4 leakage will not pull on Q1. A similar

Fig. 4. Driver for the power-stage bipolar switch.
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(capacitive) drive circuit is used to turn on and
off a P-channel FET. The larger the Cigg of the
FET, the better the drive (the lower the imped-
ance) has to be to switch the FET quickly on and
off. A 75 £ 50-ns transition time is a good target
for which to aim for a 100- to 200-kHz switching
frequency. If the FET’s input capacitance is small
(as in a low-power application), a pull-up resistor
may be good enough for turn-off.

C. Current Mirror

The current mirror is a method of converting a
low-side to a high-side current-sensing design. The
main advantage is that the battery current returns at
the same potential as the system return, effectively
removing the sense resistor from the battery
discharge path and thus improving overall system
efficiency. The current mirror monitors the
voltage across the high-side current sense resistor
and translates this information to the ground side
as a reference (see Fig. 5). Current mirrors made
from discrete components often cost less than
ones produced on one silicon die but can’t match
the accuracy of the integrated circuit with its
matched transistors and uniform die temperature.

Icharge
Current Mirror
L2 R20 sense Resistor
d WA
—
V Ipischarge
Q@ g
D4 B ?’)
& € % Rsys
—— Battery
% R25
Resg (low-side 'Y
sense resistor) is
moved to the R20 Q11_4& a
location for high-
side sensing. The B R
battery no longer cs
has Rgg in its E | | | Lowside
discharge path, Sensing
making the system R12 Only
more efficient
———/

\

Fig. 5. Current mirror.

Notice the symmetry of the circuit: On the left
are R10, Q8, Q10, and R11, which all have the
same “collector” current running through them.
On the right-hand side are R20, Q9, Ql11, and
R12, which also all have the same collector
current running through them (R20 also has the

output current). If these currents are the same
magnitude, they will have the same Vgg drops,
which are the key to the accuracy of the circuit.
Note that R10 and Q8 are in series and also in
parallel with R20 and Q9. R10 and R20 connect at
the same node, and Q8-B connects to Q9-B. Since
the Vgg’s are matched, the drops across R10 and
R20 have to be the same. The current through R10
and R11 is the same; and if the values are the same,
then the voltage drop across R11 is equal to the volt-
age drop across R10. Thus the voltage drop across
R20, the sense resistor, is the same as the drop
across R11. Note that if R11 and R12 remain the
same value, the current through each leg will be
the same with the same Vgg drops. The designer
could scale R10 to change the gain of the current
mirror. If the resistance was reduced by half, it
would have twice the collector current and twice
the sense voltage; and the controller would cut the
current in half to get back to the desired regula-
tion. Thus, reducing the value of R10 by half
would cut the programmed current in half:

IOUT = (VSNS/RZO) * RlO/Rll

D. Switcher Design Considerations

The input should be of low impedance so that
it can provide the necessary current when the
switch turns on. The primary current jumps up to
the inductor’s current level when the switch is
turned on. Therefore, since the source leads are
inductive, a good input capacitor with low equiva-
lent series resistance (ESR) (such as from the
Panasonic Al Elect. FK series) is needed to supply
the desired pulsed (switched) current. If the output
impedance of the input filter matches the switcher’s
impedance, the system will oscillate. The reso-
nance frequency of a capacitor and an inductor
occurs when their impedances match each other.
If the converter’s input voltage drops, the input
current increases to deliver the same amount of
power. This negative change in voltage divided by
the increase in current makes the switcher appear
as if it is dropping in impedance like a negative-
impedance device. For the system to remain stable,
the impedance the switcher sees at the input
capacitor has to be lower than the lowest imped-
ance the switcher achieves.

The drive circuit should be designed with
enough current to drive the bipolar switch into
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saturation for worst-case conditions (hg, gain when
VEgc is at its minimum and at a minimum temper-
ature, Ipive 2 Ic/hg).

The output inductor should be able to deliver
the peak programmed current without saturating.
The inductor’s ripple current should be no more
than 60% of the programmed current:

di= VIND « dt/L or

L = [VouT(min) * VDiodel
* [1 = VouT(miny ViNgmax)] * T/(0.6 * Iprog)

T =1/£=10 ps for f=100 kHz

The larger the ripple current, the larger the
difference is between average current and peak
current. If the current feedback signal is not
filtered, the current will be regulated off of the
peak. This often is the reason that the actual
average charge current is less than the pro-
grammed current. The larger the ratio between
input and output voltage, the larger the ripple
current will be. As the battery increases in voltage,
the ripple current decreases. If the control loop
regulates off the peak current, the average current
will rise as the ripple current is reduced.

The output capacitor’s capacitance is small
compared to the battery capacitance. The amount
of ripple current through the capacitor is deter-
mined by the ratio of impedances between the
capacitor and battery. The output capacitor should
be placed across the battery terminals in a low-
side sense configuration. This allows all of the
ripple current through the output inductor to be
regulated via the sense resistor. Changing the path
of the AC current component does not change the
average charge into the battery. The output capaci-
tance is chosen mainly for desired operation in
case the battery is absent. For a PWM converter,
the output capacitance and its load produce a pole
in the loop response, which affects the crossover
frequency and loop stability. If the capacitance is
too small, the pole will be at too high a frequency,
the phase margin will be too low, and there will be
stability problems. A hysteretic converter’s
switching is controlled by a hysteresis window
and not by a fixed switching frequency and
controlled duty cycle. The output low-pass filter,
input/output voltages, and sense filters are the
main factors that set the switching frequency.

II1. EFFECTS OF CONNECTING/
DISCONNECTING SOURCES AND LOADS
FOR A BATTERY CHARGER

There are four components of a battery charger
configuration: the power source, the charger/
battery management circuit, the battery pack, and
the system load. The method by which these
circuit blocks are connected/disconnected, their
sequencing, and their state of charge can greatly
affect the response. Some of the responses could
result in damage to the circuitry if not accounted
for during the design phase. Four design configu-
rations will be reviewed along with their potential
problems and solutions. Many of the issues pre-
sented may not result in problems due to the
damping effects of circuit parasitics (mostly
contact, line, and component resistances) and
contact bounce, but the designer should be aware
of the possible failure mechanisms.

The ideal battery charger configuration is a
stand-alone unit that has the source always
connected to the charger. The discharged battery
is installed in the charger, and then the wall
adapter is plugged into the outlet. This method
minimizes any potential problems but also limits
the number of applications and the flexibility of
the charger.

Problem 1

The first potential problem arises when the
output of a charged wall adapter (plugged into an
outlet) is connected to the input of the charger.
The large capacitor in the output of the adapter is
charged and is the source for quickly charging the
input capacitance to the charger via the adapter’s
line inductance. This was modeled and simulated
as shown in Fig. 6 and is similar to a step response
on an LC filter. Typical adapter values were used
for a 5-V (~7-V with no load at the output of the
adapter), 1-A, 7000-uF output capacitance wall
adapter with 36 inches of 21-AWG wire. The
simulation was run with five different battery
charger input capacitance values ranging from 0.1
to 1000 pF. In the top plot of Fig. 6b, the current
peaks in the line inductance when the charger’s
input voltage reaches the adapter’s output voltage
(VL = 0 V). The inductor then flips polarity,
becoming the source, and delivers its energy into
the charger’s input capacitor, resulting in a voltage
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The adapter’s output capacitor will be charged to this peak value prior to hot plugging into the charger circuit.
C1 will stay charged to its full value during this time of interest (80 ps).
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b. Plot of current and voltage waveforms for Cyy = 1, 10 and 100 uF. 2“

Fig. 6. Hot plugging an adapter into a charger circuit as a function of charger capacitance.
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of ~2 « Voyt. This would have the potential to

damage any parts that are not rated for this 2x

voltage. There are several solutions to this problem:

* Reduce line inductance by reducing the
adapter’s cable length.

* Increase damping resistance.

» Increase the input capacitance to the charger.

* Clamp the input of the charger with a zener
diode.

* Increase the voltage rating on input compo-
nents to = 2x the hot-plug voltage.

* Avoid hot plugging the adapter into the
charger.

The simulation shows that adding input
capacitance to the charger can reduce the peak
voltage. For a series RLC circuit, critical damping
occurs at R = 2VL/C. Adding capacitance reduces
the impedance of the LC circuit, increasing the
damping ability of the 75-mQ line resistance. As
capacitance is added, the peak current rises. If the
current gets too large the contacts may arc,
causing damage due to the poor connection during
the plugging action.

In this situation, it is better to increase the
damping resistance along with moderate increases
in charger capacitance. It is equally effective to
increase the damping resistance without increasing
the input capacitance. Note that for a switching
charger, the input capacitance has to be a low
impedance to avoid matching the switcher imped-
ance and becoming unstable; so any resistive
damping should be in series with the inductor (see
Fig. 7). One can see from Fig. 7b that as the damp-
ing resistance is increased to critical damping, the
ringing and overshoot are filtered. The one side
effect is that 250 mW of line resistance now dissi-
pates power and takes away from the drive. A
parallel damping RC could be added in parallel
with the charger capacitance, but it would have to
be three to four times the capacitance of Cpy and
have a resistance close to the resonance imped-
ance of the LC circuit to be filtered. This would
be the most costly solution. A zener in parallel
with Cjy would cost slightly more than the
Ry resistor but would avoid the IR drop. The
zener’s knee is selected at 1.5 « Viypom) for an

unregulated supply. The peak voltage will be just
below the knee, and any inductive voltage spike
will be clamped. Since the inductive spikes are not
repetitive, a low-power zener may be used.

Problem 2

The second potential problem can occur when
the adapter is unplugged from the charger while
the charger is delivering the programmed fast-
charge current (1 A in the simulation) near the
regulation voltage of the battery (see Fig. 8). The
charged inductance of the adapter’s line cord flips
polarity to continue to drive the line current. The
switch is modeled to open the connection (go
from a short to an open) in 1 us, which leaves little
time to discharge the inductor’s energy. The
waveforms in the top plot of Fig. 8b are the
current in the load, the Cpy capacitor, and the line
inductance. The waveform in the bottom plot is
the voltage at the adapter’s connector.

In reality a connector can’t be unplugged very
fast (maybe in 10 ms); and the contact resistance
during this time slowly increases, allowing the
inductor’s current to decrease while keeping the
inductor’s voltage low. A mechanical switch may
be able to open fast enough to cause an inductive
voltage spike. One potential effect is arcing,
which may degrade the contacts. A more likely
failure is damage to a FET switch — which, if
turned off quickly, would see a large inductive
voltage spike. There are four basic solutions to
this type of problem:

* Slow down the FET switch time by adding
gate resistance.

* Putan RC series “snubber” across the switch.

e Clamp the inductive voltage spike with a
zener upstream of the switch.

* Don’t unplug the adapter from the charger
during charging.

The typical application is unplugging a con-
nector, which probably won’t be a problem due to
the relative slow speed of breaking the contact.
Breaking the contact between the adapter and
charger with a mechanical or semiconductor
switch is rarely implemented, but this discussion
is presented here to help the designer reach a
complete understanding.
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The adapter’s output capacitor will be charged to this peak value prior to hot plugging into the charger circuit.
C1 will stay charged to its full value during this time of interest (80 ps).
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b. Plot of current and voltage waveforms for Ry g = 75, 225, and 375 mQ. <

Fig. 7. Hot plugging an adapter into a charger circuit as a function of damping resistance.
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b. Plot of current and voltage waveforms for Ly jvg = 0.8 uH.

Fig. 8. Effects of unplugging an adapter from a charging circuit.
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b. Plots of current (top) and voltage (bottom).

Fig. 9. Battery removal during fast charge for a switcher charger, with the system in low-power mode.
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Plugging a battery or system load into the
charger seldom causes issues due to the fast cur-
rent loop limiting the current to the programmed
level. There may be some system issues with
detecting a system load (at 0 V) and supplying a
regulation voltage, but this is not within the scope
of this topic.

Problem 3

The third potential problem can occur when a
charger’s load (battery, system, or both) is
unplugged while charge current is being supplied.

Unplugging the system load while a battery is
connected does not present a hazard, since the
battery can momentarily absorb any inductive
kick from the line inductance until the controller
makes necessary adjustments. If the output is in
regulation, the additional pulse in the current
could cause a slight voltage overshoot across the
battery’s impedance, causing the controller to turn
off the pass element and then terminate. Discharg-
ing the battery to the refresh voltage will start a
charge cycle.

Unplugging a charging battery while the
system is at heavy load will limit the overshoot
due to the damping effect of the system load
(capacitive and resistive).

The most likely worst-case condition results
from removing a load when there is little or no
system load and the battery is removed during a
fast charge near voltage regulation, or when the
pack protector opens. A model of a switching
charger is shown in Fig. 9, and a model of a linear
charger is shown in Fig. 10. For both simulations,
the battery switch was opened over a period of
10 ps, from 45 to 45.01 ms.

The switcher has a large output inductor that is
driven by a voltage source equivalent to the output
regulation voltage (4.2 V) plus the line drops. This
explains the higher charger output voltages as
Ry s is increased. This source is disconnected (the
high-side switch is opened) immediately after the
battery is fully disconnected. Note that as soon as
switch U3 is opened, the output and line inductor
currents, Loyt and Ly g, start to decay along
with all of the charger and system voltages. The
free-wheeling diode provides a low-impedance
return path for the discharging inductor. Typically
the high-side switch will open as soon as the

regulation voltage is exceeded (within a few
microseconds) and before the battery is fully
disconnected. Therefore there should be much less
overshoot than that shown in the figures.

The battery removal for the linear charger
simulation has results similar to those of the
switcher. The inductor currents, along with the
charger and system voltages, start to decay once
the pass element is disconnected. The notable
difference is that the linear design does not have a
free-wheeling diode and therefore results in a
discharge of the charger capacitance while the line
inductance is discharging.

In all cases, it has been shown that as long as the
control loop for the PWM or pass element is suffi-
ciently fast (< 10 us), the overshoot is negligible.

Problem 4

The fourth and last problem to consider is
when the system is powered from the input. If the
system is operating under heavy load and is
disconnected, the line inductance between the
input and the systems will flip its polarity and
become the source. The voltage across the induc-
tance will be used to continue to drive this current.
There is typically an input charger capacitance and
a system capacitance. During the discharge of the
line inductance, the current will flow from the
charger capacitance to the system capacitance. The
smaller-value capacitor will change voltage the
fastest. Typically, the input charger capacitance is
much smaller and thus will discharge quickly. A
large charge in the inductor can drive the charger
capacitor negative, causing potential damage to
the charger circuit. A Schottky diode, with cathode
to the input and anode to ground, will protect the
charging circuit. If the system capacitance is small
or is disconnected with the load, the system volt-
age can spike high along with the charger capac-
itance voltage going negative. Adding a zener
clamp can be effective in controlling this voltage.
As always, reducing the line inductance or avoid-
ing disconnection of the load is the best approach.

Overall, most of the issues that result in com-
ponent damage or the necessity for resets are due
to voltage spikes from hot plugging/unplugging
components. The two most problematic cases are
hot plugging a charged adapter into a charger and
removing the adapter when directly powering a
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b. Plots of current and voltage.

Fig. 10. Battery removal during fast charge for a linear charger, with the system in low-power mode.
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heavy system load. This is because charged induc-
tors can’t change current instantly and will go to
whatever voltage is needed to keep the current
flowing. These inductive voltage transients often
find the breakdown voltage of the lowest-rated
component. The best solution is to reduce the line
inductance by minimizing the length of the cables.
This alone should eliminate the problems. If there
is aneed for long cables, the design should account
for the potential problems presented. The typical
solutions to consider are damping by series
resistance or RC snubbing; clamping voltages with
zeners; or increasing component ratings. Twisted
pairs have the lowest inductance per length. To
calculate wire inductance (signal and return) for
twisted or parallel pairs, use 10 to 20 nH per inch
of cable as an estimate. For a series RLC circuit,
critical damping takes place when alpha and
omega are equal and R =2VL/C. For a parallel
RLC circuit, R = 0.5VL/C.

Hopefully this discussion will help the designer
consider, during the design phase, the potential field
application problems that can arise from voltage/
current transient failures.

IV. EFFECTS OF CHARGING A BATTERY
WITH A SYSTEM LOAD

In portable power, integration is paramount;
and the trend is to use the battery charger also as a
power source for the system. This seems like a
logical progression, but several new issues arise
that the charger controller has to handle. These
problems are mainly associated with the system
load profile. Understanding the system load
profile is the key to finding system design
solutions. The main problems occur during startup
and termination.

In portable power the trend is to use high-
energy, high-density batteries that give the longest
run time for the smallest package size. The 4.2-VDC
Li-ion battery has become increasingly popular
among manufacturers; it fits well with the typical
load/charge usage patterns of the consumer, since
it is not susceptible to memory effects. For this
reason, this section of the paper deals mainly with
4.2-V Li-ion batteries, with a few comments about
the other chemistries along the way.

In the past, there were no start-up issues for
stand-alone chargers. If a discharged battery was
installed, the charger would start with a precharge
current if the battery voltage was below ~3 V;
with a constant current charge if between 3 and
4.2 V; and with voltage regulation if at 4.2 VDC.
When the charger current dropped to ~C/10, the
charge cycle would terminate. If the protector was
open and the output was 0 V, a precharge current
would attempt to close the protector. With the inte-
gration of a system load in parallel with the battery
came start-up and termination issues.

The start-up issues occur when the stand-alone
charger is used as a building block in the system
design. If the charger powers up into precharge
mode (Vgar < 3 V), the power delivered will be

P=1V= (C/IO) V= (ICHG/IO) °VBAT

and the system’s average load (in watts) most
likely will be greater than the power delivered.
The system will have to go into a low-power
mode so the precharge current can do its job and
bring the battery into fast charge. If the charger
enters fast-charge, constant-current mode, the
system load (in watts) will still have to be
considerably less than the charger output (in
watts) for the battery to charge in a timely manner.
The maximum available power deliverable by the
charger occurs during voltage regulation:

P= IV = ICHG . 42 VDC

The lower the output voltage, the less power a
constant-current charge delivers:

P=1Ipixeq* V

Many constant-power loads (such as switch-
ing converters) require more current as the voltage
drops. Therefore, the best way to avoid depleting
the battery during charge is to keep the average
system load (in watts) lower than the lowest
charger output (in watts) in fast-charge mode:

P=Icnc * Vear=Icng 3V
Considering these issues during the design
phase will insure a more robust product. Once fast
charge enters voltage regulation, the concerns
focus on proper termination.
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Termination issues arise when the charger
controller is designed with the assumption that all
output current will go to the battery. With a system
load connected across the battery, the charger
can’t determine the destination of the current.
Battery manufacturers recommend terminating
charge when the battery is full. Charging can be
resumed after the battery is partially discharged.
Leaving the pack connected to a voltage source
(LDO) is not recommended. Termination is
typically based on Icyg/10, which is not likely to
occur if there is a system load in addition to the
battery charge current. If the termination is
delayed, the safety timer may expire, terminate
charging, and enter fault mode. Disabling the
safety timer solves this problem but creates
others. The purpose of the safety timer is to
protect against a bad cell that is not taking a
charge. The root problem of proper termination is
that the charger can’t accurately determine the
actual minimum current of the battery. For these
reasons, it is critical that the designer fully
understand the system load profile and how it
relates to the charger functions.

There are four controller thresholds that
should be analyzed when the dynamic load profile
is considered: precharge/fast-charge, taper, termi-
nation, and refresh. Transients near these thresh-
olds may cause a change in charging states.
Deglitch filters often take care of many transients,
but some load profiles require additional
application circuits for the product to operate as
desired. Setting the duration of the safety timer
requires understanding of the average system load
current. A discussion of the external solutions for
the different thresholds follows.

A. Precharge Threshold

Problem

Entering precharge from fast charge due to a
pulsed load will reduce the charge current to a
level that may not charge the battery or supply
sufficient power to the system.

Solution

1. Identify the amplitude of the load pulse and
the circuit and battery impedances to determine at
what threshold the system needs to enter a lower-
power mode to avoid dropping out of fast charge.

Add more low-impedance filtering on the output
if necessary. If there is a deglitch (filter) time
before a mode change and the average power load
is less than the output of the charger, there should
not be an issue unless the load step is longer than
the deglitch time.

2. Add an RC filter to the battery feedback
voltage to filter the transient. This is equivalent to
a deglitch circuit for load transients.

3. Have a microprocessor monitor the battery
voltage and control the system load to avoid
getting near this threshold. Keep in mind the
diminishing returns: As the pack voltage drops, the
power delivered by the charger drops, while the
system load typically remains at constant power. A
safe design will have an average system load (in
watts) that is less than the minimum charger power
output in fast-charge mode. In precharge mode, the
system should be in sleep mode.

B. Taper Threshold

Problem

At the taper threshold the battery is considered
full, but often a timer is set to give a little more
charging time before termination. If there is a
dynamic load or a slow-stepping system load, the
threshold is exceeded and the timer is reset,
avoiding normal termination.

Solution

1. For a transient load where the average current
is below the taper threshold, the feedback sense
current can be filtered to remove any transients.
Average-current-mode chargers that use a current
mirror to program the output current with an exter-
nal high-value resistor are excellent candidates for
filtering. Applying a small capacitor across the
programming resistor to average the waveform
prevents transients from affecting the taper timer.
2. For stepping loads with long durations (in
seconds) that are not practical to filter, a circuit to
detect a preset valley can be implemented to
terminate the charge as shown in Fig. 11. This
circuit was designed to interface with a charger
that terminates instantly if the charger’s current
drops near zero. Switch Q4, controlled by a status
output pin, disables the circuit during a no-charge
condition to prevent battery discharge. Q22’s
emitter is preset just below the normal current
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taper-threshold voltage by dividers R2 and R3. If
Q3’s emitter’s voltage, which is tied to the sense
current signal, drops below the voltage on Q22-E,
Q3 turns on and pulls on Q1. This applies a current
to the battery feedback signal at the IC’s error amp
and produces a small voltage on top of the battery
pack voltage, thereby making the controller
“believe” that the battery is slightly above voltage
regulation. The charge current is reduced, which
further reduces the sense voltage. This positive
feedback drives the charge current to zero, and the
controller terminates due to zero current. The
battery then has to be discharged down to the
refresh threshold for the charge to continue.

3. Another possibility for a fixed minimum sys-
tem load is to supplement this current from the
input source through a resistor and P-channel FET
to the system (see Rgypplement @and Q1 in Fig. 12).
The charger will no longer be delivering this
current, and the battery can terminate normally.
The gate of the FET is tied to the status pin that
goes high when charging is terminating. This
disconnects the supplemental current, which pre-
vents overcharging of the battery.

C. Termination Threshold

There are several notable problems in dealing
with termination.

If a system load is removed quickly during
voltage regulation, it is possible for the battery to
overshoot voltage momentarily due to the energy
stored in the line inductance, which would drive
the pass FET off and terminate the charge. This
may result in termination with a battery at less than
full capacity. The solution is to reduce the line
inductance, reduce the amplitude or speed of the
transient, or filter the battery sense feedback signal.

There are other conceptual problems with
termination. Often designers use the C/10, C/5, or
C/15 termination threshold as a figure of merit.
One problem is that this is relevant only at a 1C
programmed charge rate. In reality, if a fast charge
is set to C/2, the termination threshold is actually
at Ipgwm/10 = (C/2)/10 = C/20. Thus the “C/10”
termination threshold actually results in a
termination of 1/20 the C-rate of the battery.

There are other problems associated with full
capacity. The accuracy of termination affects

capacity. The desire to have low power dissipation
at fast charge necessitates having a small-current
sense resistor. At termination the charge currents
are very small. A small current multiplied by a
small resistance is a small control signal that is
very susceptible to noise. This problem is
compounded if the battery is charging at less than
1C, since the termination then would be < C/10. To
overcome these accuracy issues, a taper threshold
(the point at which the battery is deemed full) can
be created to set a 30-min timer for termination.
The charge current tapers at an exponential rate, so
accurately detecting the taper threshold makes
little difference at the end of 30 min.

Other methods of current sensing and regula-
tion use matched transistors that have the same
biasing and are scaled to different current levels.
For example, the current sense matched transistor
in TI/Benchmarq products is typically 1/320 of
the larger charge-pass transistor and delivers 1/320
of the current to the charge current program pin.
The current is regulated by connecting a large
resistance (0.7 to 8 kQ) to this current source and
driving the pass FET (on/off) to regulate the resistor
voltage to 2.5 V. This allows one to program the
output current by changing the program resistance:

R=2.5VDC-. 320/IPGM

Chargers with nickel chemistries shouldn’t
have any transient load in parallel with the battery,
since any increase in load would produce an IR
drop. This drop would be detected as a peak
voltage detect (PVD), which terminates charge.
The solution for dynamic loads is to monitor the
temperature change in the battery pack via a
thermistor. When the rate of change of ~1°C/min
is reached, termination occurs. This method of
termination is not affected by load transients.

D. Refresh Threshold

Problem

If the battery is full, the charge has terminated,
a system load is applied, and the battery is
removed, the charger often will not start charging
without going through a battery-detect cycle or a
deglitch filter. This may cause the system to crash
before the charger supplies sufficient power.
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Solution

Add enough system capacitance to hold up the
output for the deglitch and/or battery-detect
routine time. An alternative is to detect the battery
removal and toggle the charge enable pin to restart
a charge. This still will require significant holdup
capacitance.

One can see that there are many issues with
adding a system load in parallel with the battery;
and most of these issues have work-around
solutions involving additional circuitry, provided
the load profile is understood. Many manufac-
turers cannot predict all the load scenarios that
may happen in the field. The next section presents
one optimal solution that eliminates many of the
problems with connecting the system across a
battery while it is charging.

V. THE PROPER WAY TO POWER A SYSTEM
LOAD FROM A BATTERY CHARGER CIRCUIT

The recommended solution is to power the
system directly from the input source, when it is
available, and at the same time to charge the battery
from the input via the charger. This allows the
charger to be dedicated exclusively to the battery
without any external disturbances. The overall
efficiency is also greater, since the power to the
system is not regulated down to a lower voltage by
a linear regulator. This recommended solution does
have some issues that are discussed next.

Q4
Optional

The transition timing of the FETs is the
primary issue to consider when power to the
system is switched from an input source to the
battery pack. There are two types of switching
transitions: “make-before-break” and “break-
before-make.” The former will connect the sec-
ondary source before disconnecting the primary
source to make sure the system never loses power.
The problem with this type of power transfer is
that, if the sources are at different potentials, the
sources may interact and cause damage or
potentially high shoot-through currents.

Break-before-make switching will disconnect
the primary source before connecting the second-
ary source, which solves the interaction between
the supplies but momentarily causes the system to
lose power. This method requires enough system
capacitance to hold up the voltage for a specified
amount of time.

Fig. 13 shows an example of how to imple-
ment switching between the source and the battery.
When the input voltage is greater than the battery
voltage, the power good (PG) signal pulls low,
turns on Q1/Q4, and turns off Q3 and Q2. If the
input source drops below the battery voltage, the
PG signal goes high, which turns off Q1/Q4 and
turns on Q3 and Q2. The threshold of Q1 and Q3
overlaps such that when their gates are at 2.5V,
they are both nearly off (> 1 kQ from source to
drain). The partial overlap of the FET’s turn-on
thresholds emulates a break-before-make circuit.
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o ™h oo (gna] o 8.
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N ouT
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Fig. 13. Stand-alone battery charger controls power to system and battery.
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The system capacitance should be large enough to
hold up the system voltage for this 10- to 50-us
time period. Q2 has its body diode such that the
battery can supply the current to the system if the
system voltage falls a diode drop below the battery
voltage. Q4 is optional and is needed only if there
is something hanging on the input that will load
the battery via the body diode of Q1. The charger
controller selected for the design should have a
PG pin to control the switching. (A status pin that
shows sleep mode could be used as well.)

Placing the system load in parallel with the
battery complicates the task of a smart charger. It
is impossible for the charger to determine where
the current is going or the condition of the battery.
Designing a charger for a known DC system load
across the battery requires some additional design,
but designing for transient loads immensely
complicates the task. The long-term solution for
putting the system load in parallel with the battery
is to emulate the circuit design in Fig. 13. This
design powers the system from the input and
switches the battery to the system only when input
power is lost. This approach can be extended for
multiple Li-ion cells with a little more attention to
both timing and cross-conduction issues. Keeping

the system current separate from the battery cur-
rent during charging will also simplify the task of
managing the battery pack.

VI. SUMMARY/CONCLUSION

This paper has attempted to cover many issues
that typically arise during the design and testing
phase of a battery charger. Circuit design, thermal
and layout issues, and other design concerns were
discussed for power conversions. Product testing
and return current issues dealing with connecting
and disconnecting charging components during
charging were presented. The paper concluded with
issues surrounding charging a battery with a system
load across the battery. Even though many types of
work-around solutions were examined, the best is
to power the system from the input, let the charger
be only a battery charger, and connect the battery to
the system only when input power is lost.
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Design Trade-offs for
Switch-Mode Battery Chargers

Jose Formenti and Robert Martinez

ABSTRACT

The design of switching converters as a standalone block is a well-known topic. However, very specific
challenges arise when a DC/DC converter is used to charge a battery pack. Understanding the impact of
using a battery as a load, and other charger-related system-level details up-front, is a requirement when
designing a DC/DC converter targeted at battery-pack charging. Up-front consideration of those issues
will enable the designer to incorporate features and functions during the design phase that are not present
in common DC/DC converters but that should be included in DC/DC converters targeted at battery
charging. This article discusses the most common benefits and challenges faced when using switching
converter topologies to charge battery packs, including specific challenges and design tradeoffs faced
when using the battery pack as a load.

1. INTRODUCTION The selection of a specific topology will be
dictated by the design boundaries set by the follow-
ing system requirements:

» Charge-current level

* AC adapter voltage range

Methods for designing stand-alone switching
converters are well-known. However, specific
challenges arise when a DC/DC converter is used
to charge a battery pack. Understanding up-front

the impact of using a battery as a load and other * Ambient temperature range

charger-related system-level details enables the *  Converter switching frequency

designer to incorporate features and functions not * Target PCB area

present in common DC/DC converters. * Availability of system resources dedicated to
This paper discusses the most common benefits power-management functions

and challenges of using switching-converter topol-
ogies to charge battery packs. A comparison of
distinct switching topologies identifies when each
is most advantageous. Subsequent sections focus B. Basic Buck-Converter Topologies and

on buck switching charger design; synchronous High-Side FET Selection

versus nonsynchronous operation; power dissipation Nonsynchronous buck converters represent one
and switching frequency; the impact of AC adapter of the earliest implementations of switching regula-
voltage range on converter design; MOSFET selec- tors; a simplified circuit for a nonsynchronous buck

tion; loop-compensation requirements for battery- converter is shown in Fig. 1. A single switch (S1) is
pack loads; and safety and fault-protection circuits.

Sections B and C discuss the most common
synchronous and nonsynchronous topologies.

PWM Switch
s1 Rsense
II. CONVERTER TOPOLOGY Adapter N1 Pack
A. Overview D1 %;
There are currently two major topologies used
to implement buck converters targeted at battery- Drive s
pack-charging applications: synchronous and v
SENSE

nonsynchronous rectification. These topologies can
be implemented with integrated or discrete switch-
ing MOSFET devices. The switching devices can
be NMOS, PMOS, or a combination of both. Fig. 1. Simplified nonsynchronous topology.

PWM Controller
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closed during a time (toy) connecting the AC
adapter voltage to the inductor. When the switch
opens during the off time (tgrp), a free-wheeling
diode (D1) holds the voltage at a node (N1) while
providing a path for inductor (charge) current. The
duty cycle is set by internal control circuits and
regulation loops that monitor the pack voltage and
pack charge current.

The control loops are configured to limit
either the charge current or the charge voltage to a
programmed value. This scheme enables control
of the charge current when the battery voltage is
below the target charge voltage, or control of the
charge voltage when the battery voltage reaches
the regulation voltage (see Fig. 2).

Current Loop Active Voltage Loop Active

lpack = IcHARGE

|
|
1
|
|
| Veack
1
|
1
|
1
|
1
|
1
|
1
|
1
|
1
|
1
|

Time

Fig. 2. Typical charge cycle.

The high-side power MOSFET selection will
influence and sometimes dictate key charging
parameters such as the maximum possible charge
current, maximum frequency, minimum number
of output filter components, and cost. The two
obvious choices are either NMOS or PMOS FETs
(see Fig. 3). Each has its own advantages, dis-
advantages, and proper application.

T

Fig. 3. NMOS FET (left) and PMOS FET.

Typically the NMOS devices have the advan-
tage of a lower Rpgon) for the same package;
thus either more load current can be used or the
cost can be lower. Another way to look at it is that,
for the same Rpg(on), the die size can be smaller;
thus the total gate charge of a discrete NMOS typi-
cally can be lower than that of a discrete PMOS.
The lower gate charge lowers the switching losses,
allowing a higher switching frequency and lower-
ing the output filter inductor and capacitor require-
ments. The disadvantage of an NMOS on the high
side is that turning it on requires a method to drive
the gate with a voltage higher than the input
voltage. The voltage also must be maintained
below the maximum gate-to-source voltage rating
of the device. For PMOS high-side FETs, turn-on
of the FETs is simplified because the gate voltage
needs to be lower than the input voltage by at least
5 V instead of higher. Devices with a lower
voltage rating can be used, and the only require-
ment is that the lower voltage rail be provided.

For most implementations where the power
MOSFETS are discrete parts external to the
control IC, the preferred MOSFET to use is the
NMOS to lower system cost and to have high
performance with high efficiency.

For implementations where the power
MOSFETs are integrated within the control IC,
the PMOS is usually preferred over the NMOS
because of its ease of implementation and also
because the PMOS/NMOS area trade-off favors
the PMOS in integrated MOSFETs (see Fig. 4).
Discrete devices typically have a 2:1 trade-off,

—75
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1.2 /
55
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z H{ /// 35 4,
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4
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Fig. 4. Rpsion) and Qgs versus area for NMOS
and PMOS FETs.
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whereas integrated lateral devices may have a
1.4:1 trade-off. This is typically offset by the gate-
drive requirements of the NMOS implementation.
Total gate charge also is typically much smaller in
an integrated lateral device, allowing the increase
in gate charge for the larger-area PMOS imple-
mentation with little effect on total power losses.

C. Nonsynchronous and Synchronous Topologies

Nonsynchronous Topologies

Nonsynchronous topologies enable designs
that simplify controller architecture and system-
side power-management functions. To minimize
system cost, less complex controllers designed to
drive external PMOS devices are the preferred
choice for nonsynchronous buck-charger stages.
The selection of PMOS switching devices enables
the use of a very simple driver architecture for the
power stage on the controller, switching gate-
voltage levels between adapter voltage and
ground. More sophisticated designs that require
higher efficiency or operation at higher voltages
have dedicated circuits to clamp the gate-driver
low level to a fixed value as shown in Fig. 5,
minimizing switching losses and preventing
MOSFET device damage from gate-oxide
breakdown. The clamp circuit is usually a low-
accuracy regulator that uses an external tank
capacitor to handle the current peak pulses that
occur during MOSFET switching. Another

advantage of the PMOS is that the duty cycle can
be kept indefinitely at 100%.

The use of a free-wheeling diode implements
a topology that intrinsically has no problems with
cross-conduction on the power stage during switch-
ing; it also eliminates any stray paths from battery
pack to ground when the high-side switch is off
(see Fig. 6). As a result there is no need for the
complex system power-management functions
usually required when cross-conduction and
battery-pack leakage paths are present.

The downside of nonsynchronous topologies is
their power dissipation. With proper PCB thermal
design and proper selection of PWM power-stage
components, nonsynchronous topologies typically
can be used to charge battery packs with maximum

Adaptero

PWM Switch-Gate
Voltage Clamp
510 10 V Below Vo

| Controller

Fig. 5. High-side-driver voltage clamp.
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Fig. 6. Modes of operation and waveforms for an nonsynchronous buck converter.
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charge-current rates in the 3- to 4-A range. The
power dissipation for nonsynchronous topologies
occurs in the switching device, the free-wheeling
diode, and the driver. Power losses on the free-
wheeling diode effectively limit the maximum
charge current to values significantly lower than
those in synchronous topologies.

Synchronous Topologies

Synchronous DC/DC converters are a logical
choice for application conditions where the
nonsynchronous topologies do not meet power
dissipation and efficiency requirements. Synchro-
nous converters typically cost more because
additional components are required and the
controller is more complex. There are two basic
topologies commonly used for synchronous
DC/DC converters; both of them use a low-side
NMOS switch to minimize losses on the free-
wheeling diode. The high-side switch can be
either PMOS or NMOS.

Fig. 7 shows a simplified diagram for a
synchronous converter with a PMOS high-side
switch. This configuration improves the overall
efficiency as compared to the nonsynchronous
solution, while still enabling use of a simple gate
driver for the high-side switch.

V
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Fig. 7. Synchronous topology with a PMOS high-
side switch.

The synchronous operation of the high/low-
side switches impacts controller complexity. To
avoid shoot-through currents during switching, a
break-before-make logic function must be added
to ensure that the switches are never on at the same
time. Usually a dead time is built in to guarantee
that no cross-conduction happens; a Schottky free-
wheeling diode is required to hold the node N1
voltage during the dead time (see Fig. 8).
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Fig. 8. Modes of operation and waveforms for a synchronous buck converter.
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The main impact of implementing a synchro-
nous topology is that additional functionality must
be added to the PWM controller. In addition to the
break-before-make circuit, a new gate driver for
the low-side switch is needed; this in turn requires
anew LDO and tank capacitor to enable operation
of the low-side switch driver at high voltages with
minimal switching losses (see Fig. 9).

Controller IC PWM Switch-Gate Voltage Clamp
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Adapter i X1
i
! i
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i
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N
i

Fig. 9. Driver topology for synchronous
PMOS/NMOS topology.

To avoid shoot-through currents during PMOS
switch activation (the PMOS drain goes from ground
to adapter voltage), the low-side driver must be
dimensioned to hold the low-side switch gate
close to ground while the drain/gate capacitor for
the low-side switch is being charged. This can be
accomplished by designing the low-side switch
driver so that the off-state Rpgony is lower than
the high-side switch on-state Rpg(on.

Even though the PMOS/NMOS synchronous
topology represents an improvement over the
nonsynchronous topology, a few limitations still
are present. The most important is that the
synchronous PWM can’t be run at very high
frequencies due to the typically high gate-charge
values for PMOS devices and the power-
dissipation constraints on the PWM controller IC.
This prevents the use of a smaller inductor. Also

note that PMOS switches cost more than NMOS
switches with the same voltage/current ratings.

This limitation can be overcome by using an
NMOS/NMOS topology. Similar to the non-
synchronous/synchronous transition previously
discussed, new circuitry must be added to the
controller because an NMOS/NMOS synchronous
converter requires driving the high-side switch
gate to voltage levels above the adapter voltage.
This can be done in any of three ways:

1. Use a separate, external gate-drive supply rail
that is higher than the input voltage rail by at
least 5V.

2. Use a charge pump to generate the higher gate-
drive supply rail. This requires three capacitors and
four high-frequency switching FETs, or two high-
frequency switching FETs and two Schottky diodes.

3. Use a bootstrap circuit to provide the required
gate-drive voltage from a 5-V external rail every
cycle. This requires the 5-V supply, a Schottky
diode, and a capacitor.

The preferred method is usually the bootstrap
circuit because it does not require a higher voltage
rail and is usually the simplest to implement. The
disadvantage is that it requires extra components,
and they need to be rated at higher voltage than
the input voltage. Another disadvantage is that the
bootstrap capacitor needs to replenish its charge
loss due to switching and leakage currents within
the IC and the Schottky diode. This prevents
leaving the high-side FET fully on at a 100% duty
cycle for long periods of time. A periodic recharge
pulse providing a 99.9x% duty cycle is required.

The other two methods, using a higher voltage
rail or a charge pump, do allow an indefinite
100% duty cycle to be maintained; but in most
cases, durations of < 1% are not required when
traded off with the expense of more complex
circuitry, more components, bigger size, and more
internal noise.

A simplified schematic for an NMOS/NMOS
topology is shown in Fig. 10. This commonly used
solution implements a bootstrap circuit with an
external capacitor and a regulated voltage gener-
ated by the controller IC.
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Fig. 10. NMOS/NMOS synchronous topology.

Adapter

|
'
’7 o | | m
[ [
i Rsense
H T o nase /-v-v-\r\_\/vv\l_d Pack

LE oI

@)
o
=S
S
5
<
3]
@
o
o
a
z
L =
o
w

Fig. 11. Driver topology for synchronous
NMOS/NMOS topology.

The controller drivers also have to be modi-
fied to enable use of an NMOS/NMOS topology;
Fig. 11 is a simplified diagram of commonly used
driver topologies. Note that in this configuration
the high-side switch driver is driven between boost
and phase nodes; the bootstrap capacitor is
recharged with the low-side driver supply regu-
lator to optimize controller design. The break-
before-make circuit also needs to be modified to
sense the high-side voltage gate levels accordingly.

II1. POWER DISSIPATION AND SIZE VERSUS
SWITCHING FREQUENCY

For most chargers the input supply is off the
AC adapter; thus low-load efficiency as a battery
input supply is not a key concern. Instead, high
current efficiency is important for lower thermal
dissipation and to obtain maximum charge current.

With this in mind, it is common to target an
increase in switching frequency to decrease the
output inductor and output capacitor values and
sizes. The output inductor and output capacitor
can be calculated from the following equation:

L= YLBlon _ IN-OUT "BV - £ H
ALy, Al

where Al is the inductor current ripple. This is
plotted in Fig. 12 for a one-cell Li-ion battery
charger (Voyt = 4.2 V) with a 2-A charge current,
an input voltage of 10 V and 20 V, Al = 600 mA,
and sweeping switching frequency from 100 kHz
to 1.5 MHz.

80 T T

60 — —

L - Output Inductor - yH

-
-
—_——

1.0 1.5
fg - Switching Frequency - MHz

Fig. 12. Output inductor versus switching

frequency at Viy = 10 Vand Viy =20 V.

The output capacitor is determined with the
following formula:

AL B 5B

C=————— 2
AV

where AVc is the capacitor output voltage ripple.
This is plotted in Fig. 13 for a one-cell Li-ion
battery charger (Vour = 4.2 V) with a 2-A charge
current, an input voltage of 10V and 20V,
AIL =600 l’l’lA, and AVC =0.5% OfVOUT =21 mV.

The formula for C also shows that a higher
switching frequency can decrease the ripple
current and voltage proportionately for the same
output inductor and capacitor. If the frequency is
kept constant and the output inductor or capacitor
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Fig. 13. Output capacitor versus switching
frequency at Viy = 10 Vand Viy =20 V.

is decreased, the output ripple current and voltage
will proportionately increase.

The simplified first-order power-loss equations
are composed of conduction-loss components and
switching-loss components.

Total power losses are

Pror =Pcon *Psw

The conduction losses are composed of five

main contributors. Conduction losses are

P =P +P +P +P, +P
CON ~FON_T "FON_B "™'Rgpyqp 'L TFC

given by

2
Pon T = Rpson) 1° (\/B . IOUT)

where Rpgony T is for the fop control MOSFET.

2
Pon B=Rpson) B [ \/(1 -D)-Hs-(ta “dz)B‘IOUT]

where Rpgon) B is for the bottom synchronous
MOSFET, and t4; and ty, are the dead times.

=R ol 2
Repnse  Rspnse  OUT

where Rggnsk 18 the current sense resistor.
Py inductor power loss, excluding AC losses, is
_ R 2
PL - RDCR IOUT
where Rpcr is the series resistance of the output

inductor.
P capacitor power loss is

Pc =Rgggr "(\/B 'IOUT)2

where Rggr is the equivalent series resistance
(ESR) of the input capacitor.

The switching losses are primarily dependent
on the gate charge of the power FETs and the
dead time. Switching losses are

Psw =Psw 1 *Psw B *Pscu +Pgp
The top high-side power FET switching losses are

P _Qasit*Qp 1 Vinylout
SWT™ I, ° 2 *

fg

where Qgg; is the gate-to-source charge, and Qgp
is the gate-to-drain Miller gate charge of the top
control MOSFET.
Chac* V2 O
— OSS "IN
Psw B = @QRR_B N )+ 5 gfs
including the reverse recovery, Qrg, losses and
output capacitance, Cpgg, of the lower synchro-
nous MOSFET.
Pscrr = Ve lour*(tar +ta2)*s
where Vp is the forward voltage of the Schottky
diode in parallel with the low-side synchronous
FET, and t4; and t4, are the dead times.
Fsp = Vin *(Qgsror T +Qastor B)*fs

where Qgstor 1 and Qgsror B are the total gate
charge at the gate drive regulator voltage for the
top and bottom FETs, respectively.

25

Pror

Peon

Power Losses - W

05— Psw _

0 | |
0.1 0.5 1.0 15

fg - Switching Frequency - MHz

Fig. 14. Total power losses, switching losses, and
conduction losses for a typical single-cell, Li-ion
battery charger.
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As shown in Fig. 14, the total power dissipa-
tion is dependent on the switching frequency;
however, the values of the output inductor and
capacitor are inversely proportional to the switch-
ing frequency. For battery chargers, this trade-off
is usually optimized to minimize the size and cost
of the components while keeping the system
power dissipation below the thermal limit. Thus
switching frequency is increased primarily to
improve the power density (size) of the charger
until a thermal limit is reached. Also keep in mind
that off-the-shelf capacitors and inductors are
available in only a handful of values and sizes;
thus they must change as a step function instead of
linearly with frequency.

I I I

05 —

Switching Power Losses - W

0.1 05 10 15
fg - Switching Frequency - MHz

Fig. 15. Switching losses during dead time for the

single-cell, Li-ion battery charger: Total, gate

drive, top FET, bottom FET, and Schottky.

The total input gate charge of the power
MOSFETs contributes to gate-drive losses that
dissipate within the control IC and raise its
temperature. As shown in Fig. 15, the gate-drive
losses could be significant. This needs to be con-
sidered when the charger ICs are operated at higher
switching frequencies such as 500 kHz for high-
current applications, or 1 MHz for lower-current
applications. The junction temperature should be
calculated to ensure that the data sheet specifica-
tion is not being exceeded. To reduce the tempera-
ture, the designer can either decrease the switching
frequency or select power MOSFETs with lower
gate charge. Some charger control ICs have an inte-
grated thermal-limit comparator that automatically

shuts off if the junction temperature exceeds a
maximum threshold. The maximum power loss
for a package can be calculated from the maxi-
mum junction temperature of the silicon (Tynax)),
the ambient temperature (T,), and the package
thermal junction-to-ambient resistance (Rgja).
P _ TJ (max) _TA
LOSS -

(max) RGJA

IV. SWITCHING REGULATOR TRADE-OFFS FOR
BATTERY-CHARGING APPLICATIONS

A. Can Standard Converters Be Used in a

Battery-Charging Environment?

The standard topologies discussed in section 11
can be implemented with a wide array of DC/DC
controllers available on the market today. However,
using standard controllers for a synchronous
conversion potentially can cause various prob-
lems when a battery load is used, unless additional
circuits are designed into the overall solution.

Traditional stand-alone controllers are designed
to handle loads that have only sink capability; a
battery load can both source and sink currents.
Using traditional converters can lead to premature
battery discharge; pack protector activation; or
converter malfunction.

Following are a few problems that can happen:
* The pack is shorted to the AC adapter output if

the pack is above the adapter voltage.

* The PWM converter does not start when the
charger is enabled and a pack is connected.

+ Battery reverse current flows through the
low-side switch during the charge-current
taper phase.

* The bootstrap circuit can’t be recharged when
the adapter voltage is too close to the battery-
pack voltage.

The discussion up to this point has focused on
the major topologies used in synchronous convert-
ers targeted at battery-pack-charging applications.
For the sake of simplicity, only the trade-offs related
to controller complexity, cost, and power dissipa-
tion have been covered. The next section provides
an overview of common challenges that arise
when those topologies are used in a battery-pack-
charging environment and practical solutions that
can be used to implement a robust design.
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B. Avoiding Undesirable Reverse Discharge

A Dbattery is a two-quadrant device in that it
has a positive voltage but could allow both posi-
tive and negative current to flow. When the current
is positive, the battery sources the current; when
the current is negative, it sinks the current (see
Fig. 16). Because of this, battery chargers need to
avoid reverse discharge, which can drain the battery
and reduce expected run-time capacity. There are
two probable paths for reverse discharge within a
synchronous buck regulator: from battery to input
and from battery to power ground.

lgar | B+

lg- | VBar

Fig. 16. A battery is a two-quadrant device that
sources and sinks current.

The first path is from the battery, through the
output inductor, and through the back diode of the
high-side power MOSFET to the input (see Fig.
17). This occurs when the battery is higher than
the input voltage. Connecting a series Schottky
diode at the input with the cathode connected to
the drain of the high-side power FET prevents the
reverse-discharge current (see Fig. 18). This pro-
tection is the simplest to implement for discrete
solutions. The penalty of using the Schottky diode,
however, is that the added forward voltage drop,
Vg, increases conduction power losses and the
size of the diode as the charge current increases. A
power MOSFET can be used instead of the
Schottky diode to reduce the conduction losses
and the area as shown in Fig. 19. A gate signal
needs to be generated in which the FET is kept on
only during charging. Also, the input voltage and
battery voltage must be monitored during
charging to ensure that the blocking FET is turned
off quickly if the input voltage ever falls below the
battery voltage. This is easier to implement with
integrated solutions. Keep in mind that both
Schottky-diode and FET reverse-blocking imple-
mentation still have reverse leakage currents to
consider. Schottky diodes typically have higher

leakage current (up to the milliamps), especially
at high junction temperatures; whereas the
MOSFET leakage is typically in the microamps.
The second path for reverse discharge within a
synchronous buck regulator is from the battery,
through the output inductor, and through the low-
side FET to ground, as shown in Fig. 20. This
occurs through the channel of the FET when the
power MOSFET is on and the current reverses

E
1

Fig. 17. Reverse battery leakage path from
battery to input when Viy < Vgur.

:

i

g
5

‘;Blocked y
Vi « | BAT
i

Fig. 18. Protecting reverse leakage from battery
to input with a Schottky diode.

i)

Blocked BAT

T IVW

Fig. 19. Protecting reverse leakage from battery
to input with a synchronous PMOS FET.

i

= Blocked IBAT
-

ViIN
Blocked
j F J ;when Off —
- 1 I
Leakage Path
= when On = = =

Fig. 20. The NMOS low-side FET provides a
leakage path to ground when on but blocks
reverse conduction when off. A circuit that detects
a near-zero current is needed to shut off the FET
before the current reverses.
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through the inductor. To prevent this, the inductor
current or low-side MOSFET current must be
monitored, and the low-side power MOSFET
must be turned off before the inductor current
reverses (goes negative). It is better to turn off the
low-side FET before the current reverses than to
let even a small current reverse. If the inductor
current is allowed to reverse and then the low-side
FET is turned off, the inductor will try to force
current through the high-side power MOSFET
into the input supply. If there is an input reverse-
blocking Schottky diode or MOSFET, it will
avalanche and possibly could be damaged if the
energy is high enough. Thus it is always prefer-
able to avoid reverse conduction of synchronous
buck chargers. Keep the low-side FET off when
the circuit is not charging; turn on the low-side
FET when the circuit is charging and the inductor
current is positive; and then turn off the FET
before the inductor current reverses. This is very
important, especially during power-up or whenever
the duty cycle is very low, during which the low-
side FET will attempt to be on most of the time.

Blocked
; 4—

L1 1

Fig. 21. A nonsynchronous buck regulator blocks
large reverse-discharge currents to ground, but it
also has higher conduction losses.

IgAT
Vgar ]

Blocked

)

|l

Nonsynchronous buck regulators use the
Schottky diode instead of a power MOSFET to
prevent reverse discharge (see Fig. 21). The diode
prevents reverse conduction at the expense of
increased forward-conduction power dissipation
and size. Again, keep in mind that there will be
some reverse leakage current for both the Schottky
diode and the power MOSFET. The leakage of a
Schottky diode is usually a magnitude higher than
that for a power NMOS FET. Both Schottky
diodes and NMOS FETs have a higher leakage as
their junction temperature increases.

Preventing reverse discharge to ground is also
important when a charger is started up with a
battery connected at the output. If the converter is
allowed to conduct negative current through the

low-side FET, the current will go negative and
will not be able to charge the inductor with
positive current, either indefinitely or for a
significant amount of time. Fig. 22 shows an
oscilloscope plot of a charger with no reverse-
current protection. The current is allowed to go to
—1.5 A. Fig. 23 shows the same charger with the
reverse-current protection enabled. The NMOS
low-side FET is turned off before the current is
allowed to reverse and discharge to ground. There
is no negative current, and the charger more
quickly powers up the output.

I, =200 mA

v

I = 920-mA Spike

Time - 50 ps/Div
Fig. 22. Inductor current during startup with no
reverse-current protection, causing large 920-mA
discharge-current spikes. Inductor current goes
negative and settles to a charge current of 200 mA.

I, =200 mA

Time - 100 ps/Div

Fig. 23. Inductor current during startup with
reverse-current protection enabled so there are
no discharge-current spikes. The low-side FET is
turned off before the inductor current reverses
and goes discontinuous, which then settles to a
charge current of 200 mA.
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IgaT = 200-mA Charge Current

i vy 7V o
Switching-Node Voltage
| [ Vgar=25V
i * - | 1

Time - 500 ns/Div

Fig. 24. Switching-node voltage with continuous
inductor-current conduction when current is
always positive.

IgaT = 28-mA Charge CLlrrent During Startup

T nn]

Switching-Node Voltage | ﬂ

LML ML fVam=2sv

AR
LERIVAINAY

Time - 500 ns/Div

Fig. 25. Switching-node voltage with
discontinuous inductor-current conduction to
prevent reverse conduction.

C. Unique-Load Behavior

Battery chargers have a few unique require-
ments that stand-alone voltage converters don’t.
Besides regulating the output voltage, battery
chargers have the additional task of regulating
output current when the battery voltage is below
the voltage-regulation value. Another difference
with battery chargers is that the loads are not
always the same as in a simple voltage converter.
Voltage converters typically have a resistive load,
or a constant power load with very low input
impedance. For a constant output voltage, the load
could be simplified to a constant current source.

Expected loads for a typical stand-alone voltage
converter are shown in Fig. 26. Constant power
loads are usually due to any combination of linear
and switching regulators that distribute the power
to the various blocks of the application. Constant
power loads can be represented by a voltage-
dependent current source.

Battery chargers, on the other hand, are expect-
ed to have various load combinations depending
on the application. Cradle chargers usually have
only a battery load (see Fig. 27). If the battery is
removed, the cradle charger is expected to detect
removal and then stop charger operation.

For embedded-charger applications, the charger
could have a battery load and a constant-power
system load at the same time (see Fig. 28). The
combined load behaves more like a constant-
power operation than a constant-current operation

B+ B+ B+ Voltage-
Dependent
Source
Rs s Ig=Pg/Vg
(Pg = Constant)
B- B-— B-—

Fig. 26. Expected loads for a typical stand-alone
voltage converter.

T YT
Bat No Bat
co ]  so—

Fig. 27. Expected loads for a cradle
battery charger.

B+O—\ B+
Bat _— Bat _—

Voltage-
Dependent
Source
Ig=Pg/Vg

(Pg = Constant)

B+ Voltage-
Dependent
Source
No _
Bat Ig=Pg/Vg

(Pg = Constant)
B—

Fig. 28. Expected loads for an embedded
battery charger.
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when the battery voltage is below the voltage-
regulation threshold. In some embedded applica-
tions, the charger is also expected to regulate the
main system rail if the battery is removed or is
being changed. Dual-pack embedded applications
require power-management handling to switch
from one pack to another.

Special attention should be paid to compen-
sation when a battery is connected as a load. The
battery behaves as an energy source or an energy
sink, since current can flow in both directions. The
battery protection described earlier can take care of
the reverse-discharge concerns; however, it intro-
duces a discontinuous-current mode when the
current is low. The converter needs to ensure stable
operation for both continuous- and discontinuous-
current modes. Chargers go discontinuous when in
precharge and during tapering when nearing
charge termination. Fast charge is typically in
continuous-current mode. Operation in continuous-
current mode has a double pole due to the output
inductor and capacitor. During discontinuous-
current mode, the poles split and the dominant pole
frequency is a function of the load.

B+ B+
R R s
s s s Ve
CSST CSST <
B- B-

Fig. 29. Large-signal model of a battery.

B—

Fig. 30. Small-signal model of a battery.

Another requirement is that the battery behave
as a unique load whose small-signal behavior is
not always taken into consideration. As shown in
Fig. 29, the battery looks like a very large capaci-
tor that plays a key role in large-signal behavior;
but, contrary to intuition, the small-signal behavior
is different in that it is dominated by the series
inductance and resistance of the pack (see Fig. 30).
The large capacitor is modeled as an ideal voltage
source during the small-signal analysis and plays
a minor role in the response. The voltage on the

ideal (large-capacitance) voltage source may vary
depending on its state, but the series resistance
and inductor are relatively constant. This induc-
tive behavior needs to be accounted for in com-
pensation design, as it has a tendency to improve
phase margin but reduce gain margin as the output
behaves more like a current source. The low gain
margin can allow excessive ringing at frequencies
above the crossover frequency.

As in voltage converters, the output capacitor
and its associated ESR need to be considered in
battery chargers. A key goal in portable equipment
is to reduce the size of converters by increasing
the switching frequency, which enables small
ceramic capacitors to be used at the input and the
output. The result is that the converter could have
large swings in resonant frequency due to the wide
capacitance tolerance over temperature. Ceramic
capacitors also have very low ESR values that
push out the zero frequency to a value too high to
assist in canceling a pole. ESR zeros for ceramics
are typically at or above the switching frequency.

D. Control Scheme Affecting Frequency

Various control schemes can be used to regu-
late the converter current and voltage. Control
schemes can be divided into two groups: one that
maintains constant switching frequency and
another that varies the switching frequency. In all
control schemes the output is regulated by varying
the duty cycle, which is equal to the on time
divided by the period.

b= ton - Vour
TS VIN

The constant-frequency control schemes
regulate the duty cycle by varying the on time
while keeping the frequency constant (fg fixeq)-

The variable-frequency control schemes can
be divided into three types: constant on time, con-
stant off time, and hysteretic. Following are the
equations for the first-order frequency of each:

» The constant-on-time method keeps the on time
constant and varies the off time to get the nec-
essary duty cycle, thus varying the frequency.

fs ton tl
- ON
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* The constant-off-time method keeps the off
time constant and varies the on time to get the
necessary duty cycle, thus varying the frequency.

_1-D
S topr
—'OFF  topp

» The hysteretic method varies both on time and
off time, thus varying the frequency.
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V|\ - Input Voltage - V

Fig. 31. Frequency variation versus input
voltage of converters with fixed-frequency,
constant-on-time, constant-off-time, and
hysteretic control schemes.

The possible frequency variations for a 4.2-V,
single-cell output charger with a 10-uH inductor,
a 100-pF output capacitor, and an input varying
from 5 to 20 V are plotted in Fig. 31. A 1-MHz
constant-frequency converter is compared to a
500-ns constant-on-time converter, a 500-ns
constant-off-time converter, and a 15% current
ripple hysteretic converter.

Constant-frequency control schemes have the
benefit of keeping the frequency above critical

frequency bands such as the audible noise region
(300 Hz to 3 kHz) or the ADSL carrier frequency
(900 kHz), which are important design constraints
in many portable applications. Lower efficiency
due to higher switching frequency is not an
issue for chargers as long as the thermal limits
are not reached.

Variable-frequency schemes have the dis-
advantage that the frequency could vary depend-
ing on the adapter input voltage, output (battery)
voltage, and load-current (charge) conditions. The
frequency could drop into or below a critical
frequency range, causing noise issues; or it could
go up so high that the switching losses are
excessive, causing thermal concerns.

Also, worst-case minimum frequencies could
occur at minimum load (charge) current, such as
when the charge cycle is tapering and nearing
termination. This is due to the slow rate at which
the output capacitor is discharged. Frequencies
could easily fall into the audible frequency range.
Sometimes a “dummy” load is required to bleed
the minimum-current limit and avoid falling into
low-frequency operation. Care must be taken, as
this “bleed” resistor is a leakage source that drains
the battery when it is not being charged.

V. OVERALL SYSTEM-DESIGN CONSIDERATIONS

A. Preventing AC-Adapter-Induced

Failure Modes
The use of an AC adapter to power a converter

requires consideration of the following items:

« The DC/DC controller must survive an
adapter hot-plug event.

« The DC/DC converter application circuit
must not affect AC adapter insertion/removal
detection.

An adapter hot-plug event can have catastrophic
results for the controller IC, depending on the input
capacitor used on the system. When an already
powered adapter is connected to the system, the
input voltage at the adapter connector terminal
rises very fast; the adapter cable inductance and
series resistance interact with the input filter
capacitor and generate an overshoot pulse. For
small input-capacitor values, it is not uncommon
to see overshoots in excess of 50% of the adapter
regulation voltage, as shown in Fig. 32. Increasing
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the input capacitor to large values to obtain an
underdamped response is not a viable solution, as
cost will increase and sparks on the adapter
system connector will occur upon connector
insertion, causing long-term reliability effects.

i
A
I

! Adapter

! Cable
i

I

i

I

Controller

v

Fig. 32. Supply-line overshoot upon adapter hot-
plug insertion.

The only practical solution is to dimension the
input capacitor to limit the pulse to reasonable
values, below the converter maximum ratings for
input voltage. Selecting controllers with high
input-voltage ratings will minimize system cost
while still enabling design of a robust system.

The simplified topologies shown in section II
have the potential problem of biasing the adapter
terminal with the battery-pack voltage through the
high-side switch back-gate diode when the battery
voltage exceeds the adapter voltage. This situation
can occur during adapter removal or when DC
voltages lower than the pack voltage are used to
bias the end equipment (such as car battery lines,
airline adapters, etc.).

This parasitic path can hold the voltage at the
adapter terminal above the threshold for AC
adapter detection, preventing the detection of AC

adapter removal and creating the potential for
unexpected system behavior.

The condition that has the highest damage
potential, however, occurs when one of the sim-
plified circuits in section II is used on systems
where the positive terminal of the adapter con-
nector is mechanically shorted to ground upon
adapter removal. This will generate a hard short
from battery to ground with the current path being
provided by the high-side switch back-gate diode,
potentially damaging the high-side switch.

The solution discussed in section IV to
prevent reverse conduction from the battery to the
adapter also takes care of these additional issues.

B. AC Adapter Power Considerations

Most end equipment must maintain normal
operation while charging a battery pack. Usually
the cost of the AC adapter is directly proportional
to the rms current supplied to the system. One of
the design targets for the system is to lower the
power dissipation of the AC adapter; to do that,
usually the adapter voltage is kept as close as
possible to the target charge voltage. This approach
has an adverse impact on the rms current, as the
converter duty cycle will increase as the battery-
pack voltage increases. To harmonize these require-
ments, a new topology was developed with the
addition of a third dynamic-power-management
(DPM) loop to the standard converter (see Fig.
33). This third loop effectively reduces the charge
current when the adapter current limit is reached,
effectively adapting the charge-current value to
the system load conditions and AC-adapter limits

—» System
NMOS NMOS
High-Side Switch | ow-Side
RseNse Switch Rsense
Adapter —/\/\/— Io Pack

D1

v

HSD
VREG
BOOST
PHASE

Adapter
Current
Sense

LSD———m

ISENSE

VSENSE [
PWM Controller

Fig 33. Additional DPM loop.
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Fig 34. Example of charge-current reduction to accommodate a system load increase.

(see Fig. 34). As a result, the AC adapter cost can
be reduced, and simultaneous pack charging and
system operation can be achieved.

C. Additional Charger-Startup Issues

Upon initial startup, the error signal generated
by the error amplifiers will try to increase the
ramp voltage. Some amount of overshoot for the
charge current or charge voltage can be expected
during power-up if the ramp voltage increases
faster than the feedback loop response. To avoid
overshoot conditions, a soft-start circuit is usually
implemented to decrease the slew rate for the
error signal used by the PWM ramp comparator.
This methodology guarantees an orderly startup
for the system and avoids undesirable ringing or
overshoots (see Fig. 35).

The most common topologies use an external
capacitor that is charged by a current source; the
voltage at the capacitor clamps the PWM ramp-
comparator input if it is below the desired regu-
lation point. When the error voltage reaches the
regulation point, the soft-start circuit is disabled.

As a general rule, to guarantee that the soft-
start circuit is always active when the converter is
initially enabled, all the soft-start capacitors must
be discharged by a fast-discharge circuit when the
converter is disabled.

Another soft-start method is to step up the
internal voltage reference that the charge-current
regulation loop uses to set the battery charge current.

Icn(avg)

MAMAMPALAAALAAIN,

Fig. 35. Soft start ramping up the charge current.
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D. Preventing Other Battery-Charger

Failure Mechanisms

Failure mechanisms are of special concern
when Li-ion packs are being charged. Li-ion packs
have internal safety devices to protect against over-
current and overvoltage conditions; however, it is
a recommended practice to include secondary

fault-protection functions in Li-ion charging sys-
tems for increased reliability and safety. Those
functions should end the charge if abnormal
conditions are detected; and they can be imple-
mented on either the charge controller or in a
power-management IC that monitors the charge
process (see Table 1).

TABLE 1. FAULT-PROTECTION FUNCTIONS IN LI-ION CHARGING SYSTEMS

Event
Charge time exceeds normal charging time
Battery-pack temperature is out of range
Converter-IC temperature exceeds safe operating range

Charge current exceeds target value while pack

is connected

Voltage overshoot occurs at pack removal when charger

is on (due to loop delay)

Pack cell or pack terminal is short-circuited; or pack opens,
resulting in low pack visible voltage

High-side switch is damaged due to thermal overload

and shorts adapter to pack

Detection/Action
Monitor converter on time; End charge
Monitor pack thermistor; End charge

Monitor converter-IC junction temperature (thermal
shutdown); End charge

Monitor charge current; End charge

Detect pack removal; End charge

None; Design PWM loop with ground-compatible
common-mode range

Monitor charge current; Add additional on/off switch in
series with high-side device to isolate pack from adapter

Overvoltage condition occurs

Detect output voltage above target voltage; End charge

MUST HAVE

OPTIONAL
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Optimizing Low-Power DC/DC Designs —

External versus Internal Compensation
Michael Day

ABSTRACT

This topic is a broad discussion of internal and external compensation in switch-mode power supplies. It
first explains why compensation is needed, then examines two power-supply designs: one externally
compensated and one internally compensated. The differences between external and internal
compensation are explained and compared to show which type is appropriate under given conditions. The
focus then shifts to the limitations imposed upon an internally compensated power-supply design.
Practical considerations of power-supply design are discussed along with ways to optimize the design for

specific conditions.

1. INTRODUCTION

Power-supply design has always been consid-
ered something of an art, probably because it
typically has involved loop compensation and
magnetic design. An engineer who specialized in
and typically spent most of his time designing
power supplies usually also was assigned the task
of generating the system power supply. For the
most part, this is still true for high-power, offline
supplies. However, for lower-power DC/DC
converters that run from regulated inputs or bat-
teries, this mode of operation is quickly coming to
an end. With fast-paced design schedules and
leaner staffing, power-supply design now often is
assigned to nonspecialists.

Although power-supply design by nonspecial-
ists is certainly attainable, it becomes more and
more difficult as product complexity grows and
consumers (and management) demand reduced
design-cycle times. The product engineer receives
the brunt of these demands. Fortunately, IC manu-
facturers are making power-supply design quicker
and easier for the designer by providing power-
supply parts with integrated FETs and internal
compensation. The data sheets for these parts
provide recommended external components and
layout guidelines. In many cases, designing the
power supply is reduced to selecting an IC with
the appropriate ratings, then picking the external
components from a table in the data sheet. While
this is often a valid procedure, the power-supply

engineer still needs to understand how these ICs
operate and what effect the external-component
selection has on the operation of the supply.

II. WHY COMPENSATE?

This paper focuses on the synchronous-buck
topology, which is the easiest topology to explain
and to understand. Fig. 1 shows a simplified block
diagram of the voltage-mode-controlled synchro-
nous buck. The designer should consider three

Fig. 1. Voltage-mode control implementation for
synchronous buck converter with external pole-
zero compensation.
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main elements when compensating a power supply:
the modulator, the compensation, and the overall
response. The modulator gain is a function of the
external filter components (C1, RCI1, and L1), the
input voltage, and the peak-to-peak ramp voltage.
The DC portion of the modulator gain, Gyiop pes
is defined as the change in output voltage divided
by the change in the error-amplifier voltage. This
is clearly demonstrated in Fig. 2. When the output
of the error amplifier is below the minimum ramp
voltage, the duty cycle is 0%; therefore, the output
voltage is 0 V. When the error amplifier is above
the peak of the ramp voltage, the duty cycle is
100%; therefore, the output voltage is Viy.
Expressed mathematically:
G = _'m
MOD_DC AVRAMP

Oscillator Ramp \
|
I

|

|

|
d_— =

|

|

~———XL-- AVpawp

A

Q1Jon|

|
|
|
|
1

Fig. 2. Modulator operation waveforms.

Ideally, Gpop pc 1s independent of frequency
or output current. -

The AC portion of the modulator gain, Gyiop acs
is simply the transfer function of the LC output
filter. This is expressed as:

G _ 1+j’w’C1'RCl
MOD_AC 1+j'(*)'C1'RC1 +(j.(,3)2 «L1.Cl

The overall modulator gain, Gyop, is the
product of these two terms. Typically, the designer
places little thought into the design of the modu-
lator gain. The modulator gain is simply a function
of the input voltage and the value of the external
filter components that the designer picked in order
to meet other system requirements.

Choosing the external filter components to
meet the electrical and physical requirements of
the supply is only the first step in the design
process. Once the power stage is complete, the

designer must compensate the power supply to
ensure that the overall loop response is stable.
Since a typical power supply is not inherently
stable, the designer must examine the modulator
response carefully and then properly modify this
response in order to make the supply stable. The
following terms help to define the stability criteria
of a power supply:

Gain Margin — The difference between unity
gain and the actual power-supply gain at the fre-
quency where the phase reaches 180°.

Phase Margin — The difference between 180°
and the actual power-supply phase when the gain
reaches 0 dB.

Stability Criteria — A minimum value for both
the gain and phase margin of a power supply. In
power-supply design, a power supply is typically
defined to be stable if the gain margin is greater
than 6 dB and the phase margin is greater than
45°. The requirement for stability typically is met
if the overall gain crosses 0 dB with a slope of
—20 dB/decade.

Fig. 3 shows the gain and phase margin of the
modulator response for a typical power supply.
Note that this response must be modified, or com-
pensated, in order to make the supply stable. The
following power-supply parameters are assumed
for this figure:

V[N =6V LOUT =10 HH RESR =25mQ
Vramp =1V Coyr =10 pH

20 -90°
10
Gain
0 \\ -180
N
~10 3
. o
(=
hel j)
. _20 Phase \\ _270° Cli
& N\ AT 3
N | g
-30 N = o
i g%
NA
—40 -360°
-50
-60
100 1k 10 k 100 k 1™ 10M

f - Frequency - Hz

Fig. 3. Bode plot of Gysop showing the gain
and phase.
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G - N _g=-15548
MOD DC — Y TR
- AVRAMP
The pole, fp of LC, is
1 =159 kHz

fp =
21yLoyr *Cour
The zero, f; of the equivalent series resistance
(ESR), is
1

f,=————=636kHz
2T Rggr *Cour

Note that the phase margin is only 22°.

ITII. COMPENSATION DESIGN OPTIONS

We now understand why compensating a
power supply is necessary. The next concern is
how to do it. Many books have been written that
discuss how to compensate a power supply. The
focus of this paper is to provide an overview of
important compensation factors. In general terms,
compensating a power supply can be simplified
into graphically adding and subtracting waveforms
on a semilog graph. The overall power-supply
response is simply the sum of the modulator,
Gmop» and the error-amplifier gain, Hgror amp-
The sum of the modulator gain and the error-
amplifier gain must meet the requirement for
stability. Three different types of error-amplifier
responses, shown in Fig. 4, are commonly used to
compensate power supplies: Type 1, Type 2, and
Type 3. A detailed discussion of each can be found
in Reference [1].

To compensate a power supply, the first step is
to graph the response of the modulator, Gyop
(shown in Fig. 3). The next step is to draw the
desired response of the power supply, Ggypply- If
the difference between the overall supply gain and
the modulator gain (Ggypply — Gmop) can be made
to match either a Type 1, 2, or 3 error-amplifier
gain, the supply can be easily compensated.

The following two examples show the design
steps for a single power supply used in a typical
portable or wall-powered application. The first
example is a power-supply controller with exter-
nal FETs and compensation. The second example

uses a fully integrated power-supply IC. The supply
requirements for both examples are as follows:

VIN =3t08V IOUT =600 mA
VOUT =18V VRipple =25mV
+120

+100

+80

[as}
el
L +60
3
o
+40
+20
0 J
10 100 1k 10k 100k 1M 10M 100M
f - Frequency - Hz
a. Type I compensation.
+120
+100
+80
o
o
< +60
T
o
+40
+20
0 I I I I I I I |
10 100 1k 10k 100k 1M 10M 100M
f - Frequency - Hz
b. Type 2 compensation.
+120
+100
+80
[as})
©
L +60
kS
o
+40
+20
0 I I I I I I I I

10 100 1k 10k 100k 1M
f - Frequency - Hz

c. Type 3 compensation.

10M 100 M

Fig. 4. Three power-supply compensation schemes.
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A. Example 1 — External Compensation Design

Choose an IC that can meet these requirements.
Choose an initial switching frequency of
500 kHz. A higher frequency usually results in
a smaller power supply with a lower effi-
ciency. A lower frequency usually results in a
larger power supply with a higher efficiency.

Choose an inductor value that sets the maxi-
mum ripple current to 20% of the maximum
output current. The ripple current can be higher

Repeat the preceding steps until an acceptable
design is reached. Several iterations may be
needed to optimize the design for size, effi-
ciency, cost, etc.

With the external filter components defined,
calculate the modulator gain.

Determine the desired overall supply response.
Calculate the appropriate error-amplifier
response, Hepror amp-

When designing for gain and phase margin,

or lower than 20%, but this is a good starting
point for a power-supply design. When calcu-
lating the output inductor, don’t forget to use
the lower tolerance of the switching frequency
for the chosen IC as well as the maximum
input voltage. A larger inductance requires fewer
output capacitors to meet the output-voltage-
ripple requirements, whereas a smaller inductor
may require more capacitors or capacitors with
less ESR. Smaller inductors typically provide
a better transient response.
* L =15.6 uH for this example.

the designer has several additional requirements

to consider:

* Ensure that variations in input voltage do not
cause instability.

* Ensure that the crossover frequency is less
than 1/10 of the switching frequency.

* Allow for variations in the peak-to-peak
oscillator voltage.

* Ensure that the error amplifier has sufficient
attenuation at the switching frequency so it
does not amplify the output voltage ripple and
cause subharmonic oscillations.

=<
=
=
=
=<
S
=

= + Choose an inductor that meets both the induc- hat the midf .
.g tance and current requirements. . linsure that the mi reiquency ga;ln 1s greater
&« Calculate the maximum ESR to meet the 25-mV than zero tf) prevenjt a 1arge overs oot at turn-
= nle-volt . ¢ on and during transient conditions.
S ripple-voltage requirement. . . )
@ Recn = 30 mQ . . Ensure that the error amplifier has the drive capa-
s Esr = 30 mQ maximum for this example. o .
bt . Choose an a . . h bility to drive the feedback network properly.
a ppropriate output capacitor suc
as a 10-pF ceramic with < 30-mQ ESR. Fig. 5 shows a schematic of the final solution
» Calculate the voltage ripple due to the output with a TPS5103.
capacitance.
Cr;Eer?:::::s External
= Softstart. R : - FET
j ‘ | ‘ ‘
] S i p—
i : i ) VIN
Y | TPS5103 S ; ; jl ' GND
~ 1 soFTsTART 2 | i ; A GND
R ey TR RN A i - : Pl 12 | Sy
= | ER i ‘ : x 4 L vout
'4% ‘ 2 cT ouT_d ; p— L i GND
Oscillator| RT OUTGND [~ ———————- £
o] SeTeR ----t- 6 15 | s ]
B 1 11 e e TP L
E [o] g\?\l’:\/‘/\'/:SKIP vRVECFzL ‘ l i | i protection
>y "Wty vrecsv N[ S
< = 1
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| i

Fig. 5. Schematic of TPS5103 solution.
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B. Example 2 — Internal Compensation Design
The design procedure for an internally com-

pensated power supply with integrated FETs is

significantly different. It flows as follows.

* Choose an IC that meets the Viy, Voyur, and
Ipur requirements.

* Choose an external inductor and capacitor
from the list of recommended components in
the data sheet.

* Verify that the design meets the ripple
requirements.

Fig. 6 shows a schematic of the final solution
with an internally compensated power supply.

Vin L1 Vour
3.3t010V 1 g 10WH 15Vv/800 mA
o—s NN, o

VIN sw
8 5
N EN FB
10 pF o| Tesews2 | c
LBI PGH— = 25F
7 2

= SYNC LBO
GND PGND
3 101

|||—0

Fig. 6. Integrated TPS62050 solution.

These examples clearly demonstrate that
designing a power supply with an internally
compensated IC requires less time and power-
supply knowledge than designing a power-supply
controller with external FETs and compensation.

IV. LIMITATIONS ON EXTERNAL COMPONENTS
FOR AN INTERNALLY COMPENSATED
POWER SUPPLY

A. Practical Considerations

The foregoing examples show that the designer
has full control over all aspects of the power-
supply design. Freedom to optimize the supply for
size, efficiency, transient response, etc., permits
free choice of component values, types, and sizes.
With external compensation, the designer chooses
the external filter components first and then tailors
the compensation around these components. The
design procedure is reversed with internal com-
pensation. The compensation is fixed first, so the
designer must choose external filter components

that result in a stable design. The range of external
filter components is limited, and choosing compo-
nents outside the recommended data sheet range
can lead to an unstable design.

The cause for this limitation begins in the IC
design phase. The IC design process typically
follows the same procedure as that of an exter-
nally designed power supply. The designer begins
with a target specification and then designs the
IC to meet it. This process involves choosing
appropriate values for the switching frequency,
internal FET characteristics, and external filter
components. At this point, just as with a standard
power-supply design, the designer shapes the
error-amplifier response to compensate the supply
properly with the choice of external components.
The error-amplifier response becomes a fixed,
integral part of the IC. Because of this, the choice
of external filter component values is limited to
those that are compensated properly by the error
amplifier. The IC data sheet provides acceptable
component values that result in an optimal power-
supply response.

In most cases, choosing the recommended
component values for an internally compensated
power supply provides an acceptable solution.
However, there are times when the solution may
need to be optimized. With an internally compen-
sated power supply with integrated FETs, the
designer has control over only the external filter,
which severely restricts freedom to optimize the
supply. Even with this restriction, the savvy
power-supply designer can stray from the
recommended component values in an attempt to
optimize critical system parameters such as
transient response, size, and efficiency. The key to
accomplishing this safely is to understand the
limitations and implications of the choices.

B. Stability

Obviously, the first and main consideration for
modifying the external filter components is
stability. The filter values and sizes can be made
larger or smaller, but they must still meet the
criteria for stability. Since most data sheets do not
provide detailed information on the poles and
zeroes of an internally compensated device, the
designer is left with the question, “What
component values guarantee stability?” In the
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absence of any other information, the designer can
simply keep the LC filter pole equal to that of the
recommended components.

As an example, let’s look at the TPS62200. This
IC was designed for and the data sheet recommends
a 10-pH and 10-pF output filter combination. This
LC filter provides a double pole at 15.9 kHz.
Clearly, the small signal response of the overall
supply remains constant as long as the LC filter
pole is fixed at 15.9 kHz. This means the inductor
value can be reduced by a factor of two as long as
the capacitance is increased by a factor of two. The
designer has even more flexibility if he knows the
response of the IC. Fig. 7 shows an idealized Bode
plot of the internal compensation along with the
response of the recommended filter components.
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Fig. 7a. Compensation and filter response of an
internally compensated power-supply IC.
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Fig. 7b. Overall power-supply response with the
recommended 10-uH and 10-uF output filter.

Careful examination of Fig. 7 reveals that the
criterion for stability is met if the resonant pole of
the external filter components is kept less than
24 kHz. Don’t forget to take the component
tolerance into account when calculating the
resonant pole. Table 1 shows several acceptable
and unacceptable output filter combinations. Note
that although a 10-uH and 4.7-uF pole is an
acceptable 23.2 kHz, this combination is not
acceptable when you include a 20% tolerance on
these values. The transient response of a stable
design with a 10-uH and 10-puF output filter is
shown in Fig. 8. The transient response of an
unstable design with a 4.7-uH and 10-uF output
filter is shown in Fig. 9. These two figures
confirm our analysis of Fig. 7.

TABLE 1. OUTPUT FILTER COMBINATIONS

Pole with 20%

L C Pole Tolerance
(uH) | (uF) | (kHz) (kHz) Result

10 | 4.7 | 232 29.0 Unstable

15 | 47 | 19.0 23.7 Marginally stable
22 | 4.7 | 157 19.6 Stable

10 10 | 159 19.9 Stable

6.8 | 10 | 19.3 24.1 Marginally stable
4.7 | 10 | 232 29.0 Unstable

22 | 22 | 229 28.6 Unstable

4.7 | 22 | 157 19.6 Stable

6.8 | 22 | 13.0 16.3 Stable

VOUT

[\

20 mV/div f
(AC Coupled) \}{\‘\
!

|

Inductor
Current

100 mAVd |11 N I '
e

Time - 5 ps/div

Fig. 8. Transient response of stable, internally
compensated power supply with 10-uH and
10-uF output filter.
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Fig. 9. Transient response of unstable, internally
compensated power supply with 4.7-uH and
10-uF output filter.
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C. Inductor Saturation

In portable power, size is often critical. Typical
application circuits in a data sheet are often just
that, typical. These circuits can be modified to
optimize size. The filter inductor is often the first
thing that designers consider to reduce size. If two
inductors with equal inductance are compared, the
physically smaller inductor usually has a higher
winding resistance. The smaller inductor results in
a smaller solution but also results in lower supply
efficiency. Fig. 10 shows an example of the reduc-
tion in efficiency versus decreased inductor size.
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Fig. 10. Reduction in efficiency versus decreased
inductor size.

Choosing a smaller inductor with the same
inductance value is an easy way to reduce the sup-
ply area without having to worry about stability
concerns. However, be aware that a smaller induc-
tor has a lower saturation current. During load
transients, the inductor current may reach the
maximum current allowed by the IC. The inductor
must be able to handle this current without saturat-
ing. Fig. 11 shows the inductor current during a
transient condition. As the inductor current
approaches the maximum switch current limit, it
begins to enter saturation. Monitoring the inductor
current is an easy way to determine whether or not
it is saturating. If saturation starts to occur, the
inductor current will become nonlinear and start to
rise as shown in Fig. 11.

- Switch Node

Inductor Current
|
L

Fig. 11. Transient response with inductor current
entering saturation.

D. Current Limit

In an attempt to reduce component size while
maintaining high efficiency, many designers
choose a lower inductor value when they move to
a smaller footprint part. Table 1 shows that a
smaller 4.7-uH output inductor is an acceptable
choice as long as the output capacitance is
increased to keep the resonant pole at an
acceptable frequency. At first glance, this solution
appears to work. However, keep in mind that the
external filter components are limited by IC
parameters other than stability. One IC parameter
that limits component selection is the peak-current
limit. In our example, the device is guaranteed to
provide 300 mA of output current under all
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conditions when the recommended components
are used. A smaller inductor value actually
reduces the maximum output current from the IC.
Fig. 12 helps illustrate how the inductor value
affects the maximum output current from a power
supply. The triangular waveform is the inductor
current. Igw rimi¢ 1S the guaranteed minimum
MOSFET current limit in the IC, 380 mA for the
TPS62200. The supply’s maximum output current
is reached when the peak inductor current reaches
the MOSFET current limit. Defined mathematically:

Al

I =lsw Limit 7%

OUT _max

| N/ ;

Fig. 12. Effects of inductor on output current.

A smaller inductance results in a larger ripple
current, which reduces the maximum possible
output current. For example, assuming the
following operating parameters, the maximum
output current of 300 mA is guaranteed: Viy =15V,
VOUT =1.5 \/, fSW =1 MHZ, ISW Limit — 380 mA,
and L =10 pH. Under these conditions, the induc-
tor ripple current is 100 mA, so the maximum
output current is 380 mA — 100 mA/2 = 330 mA.
If a 4.7-uH inductor is used, the ripple current
increases to 224 mA, and the guaranteed output
current drops to 268 mA. Likewise, a larger
inductor can be used to increase the guaranteed
output current of a supply.

E. Transient Response

The output filter also can be modified to
improve transient response. The impedance of the
output filter is given by:

L
ZFilter = \/g

The lower the filter output impedance, the
better the transient response. Reducing the induc-
tance or increasing the capacitance lowers the filter
impedance. Fig. 13 shows the transient response

with a 10-pH and 10-pF filter. Fig. 14 shows the
transient response with a 10-uH and 22-pF filter.
Fig. 15 shows the transient response to reducing
the impedance even further with a 4.7-uH and
22-uF filter.

Vout ‘ .
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Fig. 13. Transient response with a 10-uH and
10-uF filter.
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Fig. 14. Transient response with a 10-uH and
22-uF filter.
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Fig. 15. Transient response with a 4.7-uH and
22-uF filter.
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FE  Total Solution Size

Internal compensation integrates the discrete
components required to shape the error amplifier.
With lower-power outputs, this integration pro-
vides a smaller overall power-supply solution by
eliminating the discrete resistors and capacitors
required for compensation. With low-power outputs,
the board area required for the three resistors and
three capacitors necessary for a Type 3 compen-
sation network easily can be as large as, or larger
than, the output filter. For portable applications,
integrating these components provides a sizable
reduction in supply area; however, this reduction
diminishes with larger-power outputs.

As output currents exceed 3, 4, and even 5 A,
the size of the compensation network becomes
insignificant compared to the supply’s increased
filter area. Under these conditions, an internally
compensated supply actually can result in a larger
solution when the compensation is not designed
for the minimum filter size. The selection of filter

U1
TPS54616
&= RT VIN 2o

components is restricted and the filter cannot be
optimized. Internally compensated supplies in the
5-Arange typically are designed for large tantalum
or aluminum output capacitors. The ESR of these
capacitors is used to help compensate the power
supply. Migrating to an externally compensated
design actually can provide a smaller overall
solution under these conditions. The external
compensation allows the designer to optimize the
filter inductor and possibly to use smaller ceramic
output capacitors.

Let’s compare the solution sizes of two power
supplies designed to meet the same specifications.
The requirements are Viy =5 Vand Vouyr =33V
at 5 A. The first supply is designed with an
internally compensated IC. The second supply is
designed with the externally compensated version
of the same family of ICs. Figs. 16a and 16b show
the two schematics. Fig. 17 compares the layout
of these two designs. The externally compensated
design is 20% smaller.

27 22
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2 vingE!
S{ssENA  VINFZS
C4 14
0.1 uF PH

1l 25 13

i VBIAS PH
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2 compING  PH

PH

PH

PH

VSENSE BOOT
PGND c3

poNDL18 0.047 pF

PGND

ANAGND PGND

PGND
PwrPad

v v

N
oo [~ oo [0 [= 1o [
o =N

1

i C2A ‘LL C2A1 ‘LL C2A2

VIN=5V

C9A C9B

Is 1e
L

o= VOUT=3.3V@6A

luo pF luo WF iuo uF

Fig. 16a. Typical supply with internal compensation.
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S{PWRGD  PH-
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S Fig. 16b. Typical supply with external compensation.
s
= " " " 1 + complexity. With internally compensated ICs,
@ designing the power supply often is reduced to
et Q1 g Q U1 < p selecting external filter components from tables in
> >
= No|o= > 1 38 the data sheet. The range of external filter com-
ponents in these tables is restricted because the

a. Internal compensation (1.750 x 0.45 in). filter response must .match the compe.nsation in
the IC. However, with an understanding of the

LTI limitations and restrictions that the IC places on
i c7 sy ] + the filter, one can stray from the recommended
‘5 ca €9 components in the data sheet to optimize the
% u1 1 g supply for size, efficiency, or transient response.
(=~ 5 g ‘ 4 ‘ 3|3 We have also examined how low-power
= output supplies typically require less board space
.g b. External compensation (1.200 x 0.525 in). when internally compensated, while higher-power
8 output supplies are typically smaller when exter-
.=  Fig. 17. Board layout example. nally compensated because the filter can be
% optimized before the compensation is designed.
< The benefits of internal compensation for low-

V. SUMMARY

power, portable supply design is evident.

We have examined a basic buck-topology
power supply and identified the need for some
type of compensation. The example design steps [1] Abraham Pressman, Switching Power Supply

for compensating a power supply showed that Design (McGraw-Hill Inc., 1991)
internal compensation reduces design time and

VI. REFERENCE
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Noise Management in Portable RF Systems
Ray Crampton, Dennis Hudgins, and Dave Heisley

ABSTRACT

The evolution of battery-powered, handheld RF equipment has demanded ever-increasing battery life,
which translates into higher efficiency requirements in the power supply. In some designs these efficiency
improvements have been achieved by migrating from linear to switching supplies. Highly efficient state-
of-the-art modulation schemes place stringent requirements on distortion and adjacent channel
interference, which mandates that careful attention be paid to all noise sources, particularly those that
are conducted throughout the power-supply system. This topic discusses noise generation and
suppression in switched-mode and linear regulators as well as techniques to manage noise in portable

battery-powered RF systems.

1. INTRODUCTION

A representative block diagram of a portable,
battery-powered RF system is shown in Fig. 1. A
number of potential noise sources are present:
switched-mode power supplies; an AC power
source; baseband and RF oscillators, amplifiers,
and modulators; linear regulators; and interfer-
ence from external sources. There are three ways
that noise couples into other circuitry: electromag-
netic coupling through the air and circuit-board
dielectric, conduction through circuit-board traces
and components, and conduction through the
ground plane. If these noise sources sufficiently
couple into the signal chain, they can cause
unwanted interference, possibly enough to fail
FCC regulations.

Common Power-supply Bus

/Allows Noise Transmission
.
Standby
LDO l
v
—— (]
L L
) I:tl VCO/
@ AiIC Synthesizer
v

Fig. 1. Typical battery-powered RF system
block diagram.

I1. SOURCE IMPEDANCE

The source impedance of a freshly charged
battery is typically very low. Some other power
sources such as a partially discharged battery, a
wall adapter, or a battery charger can result in
higher source impedances. Long circuit-board
traces, vias, and interconnecting wires also
increase source impedance. The resistive part of
source impedance causes ripple at its output due
to the effective degradation of load regulation of
the supply. The inductive part of source imped-
ance causes voltage spikes on the power-supply
line when load transients occur. This inductance
can cause high voltage spikes at the input to
power-supply integrated circuits (ICs), possibly
exceeding safe operating levels. Due to these
effects, source impedance can be a source of
unwanted supply noise to the entire system.
Voltage ripple (VrippLg) due to a series trace
resistance (Rtracg) and a switched-supply
current ripple (IrippLg) is easily calculated as:

VrippLE = RTRACE * IRIPPLE (D

The input current (Ixipprg) waveform to a
buck converter looks like a square wave from zero
current to I oap plus half of the small-inductor
current ripple (Ir):

IrippLe = ILoap + (1/2)I = I oaD (@)

A series RTRACE of 100 mQ and an ILOAD of
500 mA results in a 50-mV peak-to-peak ripple.
Switching noise on the input power supply can be
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greatly reduced by placing bypass capacitors at
the input of switching regulators.

II1. BUCK AND BOOST CONVERTER
ToPOLOGY REVIEW

Switched-mode regulators are very efficient at
converting one DC voltage to another because
they use “lossless” components to achieve voltage
conversion. These regulators also have several
sources of noise that can be radiated and con-
ducted throughout other circuitry. The buck
regulator shown in Fig. 2 has several such sources:
a ripple current in the inductor L, a current
waveform at the input to the switch, equivalent
series inductance (ESL) and equivalent series
resistance (ESR) of Cpy and Cqur, and the
switching waveforms driving the gate of the
switch. An understanding of these noise sources
and design techniques to mitigate them are
essential to good power-supply design for noise-
sensitive applications.

IRIPPLE

Inductor i
Ripple fN=N>="lLoAD
Current T
SWi1 L
777777 ey
ESR:
i
i
i SW2
] Control ::AL
ESL |
,,,,,,, \Para5|t|cs Parasmcs
of Cy of Cout

Fig. 2. Buck converter schematic.

A. Charge/Discharge of Switch Gates

Voltage and current waveforms that are present
when the gates of the switches are being charged
and discharged can be a significant source of
noise. Peak-to-peak amplitudes can be multiple
volts with sharp rising and falling edges and with
ringing present after each switch transition. The
current and voltage waveforms depend primarily
on gate drive capability, gate parasitic capacitance
and resistance, and control-loop methodology and
compensation. If external switches are employed,
lower Cgs and higher Rg reduce noise at the
expense of Rpgon) and efficiency.

B. Ringing at the Switch Node

For both integrated and external switches,
ringing can be seen at the node common to the
switches and inductor due to the tank circuit
formed by the inductor and stray capacitances on
this node. A snubber circuit (shown in Fig. 3) can
be used to absorb this energy and reduces ringing
at the expense of efficiency.

Snubber I

Reduces
Ringing oo

Fig. 3. Snubber used to reduce ringing at the
switch node.

C. Switched Inductor Current

The AC current waveform in the inductor
causes a changing electromagnetic field in its
vicinity. This field can be coupled to nearby traces,
components, and the ground plane, causing small
voltage perturbations that appear as noise at the
switching frequency and its harmonics. The ampli-
tude of coupled voltage in a buck converter is
dependent on inductor construction, peak-to-peak
inductor current ripple, frequency components of
the inductor current slope, and physical layout
design. Shielded inductors are manufactured for
switching converters to contain the inductor fields,
possibly at the expense of efficiency, cost, and
component size. Attention should be paid to these
fields during board-layout design to prevent the
fields from coupling to critical nearby lines. If
layout constraints require that traces be run very
near traces or inductors with these switching
currents, it is generally preferred to make these DC
traces so that bypass capacitors can be added to the
coupled lines to reduce noise voltage. In addition,
surrounding the inductor and switch nodes with
ground planes is good practice.

D. Output Capacitor Selection and
Load Transients

Load transients can cause output voltage ripple
that can be a source of noise to loads that share a
common supply bus. If the output of each converter
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is treated as a source with some impedance con-
nected to a supply bus, placing bypass capacitors
near each load can greatly reduce this noise on the
supply bus. Fig. 4 shows the behavior of a typical
buck converter during a load transient. The top part
of the figure shows the load-current transient and
the resultant inductor-current waveform. The bot-
tom waveform is the output voltage response.

a lLoap

Output
Currents

0
ESR |5 =
Coupled Cout & Mg
PeCIESLI\Esr
ESR

Fig. 4. Load-transient response in a typical
buck converter!/

\ linductor

v

The initial undershoot spike is dependent on
the load-transient magnitude, slew rate, and the
ESL and ESR of the output capacitor. This under-
shoot can be minimized by use of large-value,
low-ESL and low-ESR output capacitors.

The undershoot after the initial spike results
from the time it takes for the inductor average cur-
rent to catch up to the new load current. The amount
and duration of this undershoot depend on the
inductor value being used and on the IC switching
frequency and feedback control loop charac-
teristics. The current increase per switching cycle
is inversely proportional to the inductor value, so
small inductors improve load-transient response.

When this undershoot has been overcome, the
inductor current may have overshot the average
load current, resulting in a slight output-voltage
overshoot. A negative-going load transient has
very similar characteristics. While the undershoot
in the positive transient is dependent on both the
input and output voltage, the negative transient
overshoot is dependent only on output voltage. A
bulk-storage tantalum capacitor is needed when
load transient di/dt can be large compared to the
slope of inductor current [(Vin/Vout)/LI

The filter formed by the inductor and output
capacitor of a buck converter filters noise con-
ducted from the input supply rail or resulting from
switching waveforms in the regulator. A high-quality
ceramic capacitor can be effective in bypassing

both switching and broadband noise, while a bulk
tantalum capacitor helps with the relatively slower
load transients.

E. Frequency-Synchronized and Phase-
Offset Supplies

When multiple switching supplies are used in
a system, they can be synchronized to a common
clock frequency to avoid filtering multiple clock
frequencies. Clocks can be phase-offset so that
only one switcher draws current from the supply
at a time. This reduces the peak load currents and
therefore the voltage ripple on the common
supply; it also reduces the capacitance needed on
the supply source for a given ripple.

FE  Power-Savings Modes

Many modern switching regulators offer
power-savings modes, typically pulse-skipping or
frequency-reduction modes for when light load
currents are present. In pulse-skipping mode, the
inductor current is allowed to decay and remain at
zero until the output voltage falls below tolerance.
Then a number of switching cycles are performed
to bring the output voltage to its upper tolerance.
This cycle repeats and results in the waveforms
shown in Fig. 5. One benefit of this power-savings
approach is that switching noise frequency is con-
stant; although a new, lower switching frequency
is introduced due to pulse skipping.

In frequency-reduction mode, the switching
frequency is reduced significantly to improve effi-
ciency. This has the disadvantage of creating a wide
spectrum of noise that is more difficult to filter.

epauntogihegint

Vo
20 mV/div

Iy

IL
100 mA/div “1

Fig. 5. Ringing at switch node in buck converter
without a snubber.!’!

2 ps/div
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G Layout Considerations
The schematic of a buck converter is shown in

Fig. 6. Connections that are sensitive to layout are

highlighted with bold lines. The following

guidelines apply to the layout of this circuit and

are illustrated by the layout shown in Fig. 7:

* Cin — A low-ESR and low-ESL capacitor of
high value is desired for Cpy. Effective ESR
and ESL include traces and vias connecting
the capacitor to the supply line and to ground,
which includes the ground return current path.
Ci should be located physically close to the IC
to provide the lowest source impedance possible.

* L1 - Long traces connecting to L1 increase
the amount of radiated energy. These traces
should be kept as short as is practical.

*  Cour —As with Cpy, trace and via impedances
to the source and ground add to the ESR and
ESL of this capacitor. Low ESR and ESL
minimize output voltage ripple from charge
being injected and removed from this capa-
citor. Higher values for Coyr also improve
output voltage ripple by minimizing changes
in output voltage that are due to increasing or
decreasing stored charge in the capacitor.

IN SwW

Il

.
!

Fig. 6. Buck converter schematic. Bold lines
show critical layout areas.

" B

L1 placed close
to IC but far
from sensitive

02 p feedback pin
Cy (C1) placed 20 1
close to Vyy of IC {
Vin 1 \8 Vout
\Srciice
H ] ] o Cour (C4) placed
| =on ‘ } close to L1
Gnd TR
R2|RA|RER10
Gnd
Resistor divider placed
far from noisy L1. Ground plane on top
Ground return does not and bottom terminates @
noise fields

L pass under Vi, Voyr
and L1

Fig. 7. Compact buck converter layout optimized
for performance and noise.l’/

* Tap point — The tap for the feedback pin
should be taken close to the load rather than
closer to the inductor L1. This improves load
regulation by taking into account trace
resistance between L1 and the load. The tap
point is also isolated from switching noise by
physical location and the ground plane.

* IC ground connection — The ground connec-
tion for the IC should have a very low imped-
ance. This is accomplished by having a short
return path to the input supply of the device.

» Tight layout — In general, tighter layouts that
reduce any line lengths that carry AC voltage
or current waveforms will reduce radiated noise.

IV. Low-DROPOUT (LDO) LINEAR
REGULATOR OVERVIEW

LDO linear voltage regulators, while gener-
ally being less efficient than switching supplies,
have significant advantages in noise suppression
and generation. A typical block diagram of an
LDO is shown in Fig. 8. The bandgap provides a
voltage reference that is stable with supply,
temperature, and process variations. This voltage
is compared with a sample of the output voltage,
and the error amplifier modulates the series
resistance of the pass transistor to maintain a
constant output voltage under all conditions. A
noise-reduction (NR) or bypass pin is typically
included on low-noise LDOs to suppress noise
generated by the on-chip bandgap. Due to the
improved noise suppression properties of LDOs,
power-supply designers often use them to filter
noise from switching supplies or other noisy

Fig. 8. Simplified LDO block diagram.
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supply sources. LDOs also may be preferred for
applications that need fast load-transient response.

A. Noise Generation by LDO Regulators

The dominant noise source in LDOs results
from shot noise in the bandgap and is related to
Vr ¢ In(N), where Vr is the thermal voltage and N
is the ratio of the area of two transistors used in a
bandgap. This is a broadband white-noise source
roughly proportional to 1/VI¢, so LDO designers
can reduce the amount of noise by increasing the
current consumed by the bandgap. Bandgap noise
also can be reduced if an NR (bypass) pin is
present on the LDO as shown in Fig. 8. An
external capacitor connected to this pin creates a
pole in the broadband noise spectrum of the
reference. The time constant of this pole is
determined by Zyg * Cnr, Where Zyg is Ryg plus
the output impedance of the bandgap; and Cyp is
the bypass capacitor value.

Power-supply designers should pay careful
attention to the effects of Cyg on start-up time.
Low-current bandgaps are often used in LDOs
designed for battery-powered equipment, so it
may take several milliseconds to charge an
external capacitor, significantly slowing start-up
time. Some LDO regulators mitigate this effect by
using a quick-start circuit to increase the current
drive of the bandgap output. The output capacitor
is also an important factor in bypassing output
noise. Fig. 9 shows the effects of Coyr and Cyr
on output noise.

The following relationship shows the impact
of output voltage on output noise:

Wnoun OWnea) * (Vout/Vea) (3)

where Vy(our) is the output noise voltage, Vnsg)
is the bandgap noise voltage, Vour is the regulator
output voltage, and Vg is the bandgap voltage. It
is easily seen that, when output noise specifi-
cations on LDO data sheets are compared, they
should be scaled to a common output voltage for
proper comparison.

Designers must be careful when comparing
output noise on LDO data sheets. Few data sheets
present noise characterization under identical
conditions. The conditions for output voltage,
output current, output capacitance, Cyg, input

voltage, and frequency range must all be the same
in order to compare the noise of one LDO to
another. To emphasize the importance of
frequency range, for pure white noise the amount
of noise between 10 Hz and 50 kHz is the same as
between 50.01 kHz to 100 kHz.

250

[
Cout =22 F,
\/ louT = 100 mA
200 ~
Cour = 10 pF,
louT = 100 MA
150 e
Cout=2.2yF,
louT = 25 A
100 NN Cour = 10 pF,
/ § —
50 7

1 10 100 1000 10,000

[
CiN=22pF

Total Noise - pVims

100,000
CNr-PF

Fig. 9. Output noise as a function of Cyg.[*

It is also important to study the noise spectral
curves to determine if noise in critical bands is
within acceptable limits. For example, noise
within the bandwidth of a PLL is rejected by the
effective PLL gain. Noise outside this band will
show up at the output.

Designing low-noise power supplies with
LDO regulators is not difficult as long as careful
attention is paid to characterization conditions, the
noise spectrum as it pertains to a specific design,
and the choice of Cqoyt and Cyr.

B. LDO Power-Supply Rejection

A relatively high power-supply rejection ratio
(PSRR) is often the most important attribute of
LDO regulators. PSRR at low frequencies is
determined almost solely by the error amplifier
loop gain. This is also demonstrated as better DC
accuracy over input-voltage and load-current
variations. Rejection of typical switching-supply
frequencies (50 to 100 kHz) up to 50 dB can be
achieved with an LDO if good design practices
are followed. This higher-frequency PSRR can be
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thought of as a function of the low-pass filter
action of Zgyt (output impedance) and Z;q (input
to output impedance) as shown in Fig. 10.

Fig. 10. Schematic of low-pass filter composed of
ZOUT and Z[0.

To increase PSRR, Zgyt can be reduced and
Z1o can be increased. Zqoyt is determined by:

Zout = Zcgyr ! Zowpo) 4
where Z(po) is the output impedance of the LDO
and Cqyr is the output capacitor or combination of
capacitors. Zopo) and Zjg are determined by the
internal IC design if the pass transistor is inte-
grated, and they are affected by the external pass
transistor of LDO controllers. The following
effects can be seen in LDOs whether the pass
transistor is integrated or external:

+ Effective resistance of the pass element — At
light load currents the pass transistor
resistance is relatively high, increasing Z;q
and improving PSRR. At high load currents
the resistance is lower, decreasing PSRR.

* Configuration of the pass element — The
common source topology of P-type pass
transistors causes an out-of-phase relationship
between the control node and the regulator
output. In this case, parasitic capacitance from
the regulator input to the control node can
work in favor of PSRR due to the canceling
effect of the control-to-output phase relation-
ship if the transistor gain is > 1.0. In an N-type
configuration, the common-collector topology
gives a gain of about 1 from the control node
to the output, so noise coupled from the regu-
lator input to the control node passes directly
to the regulator output.

* Parasitic Cgp of the pass element — In both
P- and N-type topologies, the voltage gain
from gate to source is unity, so the parasitic
capacitance from gate to drain passes ripple
voltage from the input to the output.

» Parasitic Cpg of the pass element — In both
P- and N-type topologies, Cpg can be an
important part of the Z;o impedance. This
parasitic capacitance passes ripple voltage
from the input to the output.

*  PSRR as a function of Vi — Voyr — Since
Vpbs = Vin — Vour, the pass element has
higher gain at higher Viy — Vour, giving
better supply rejection as shown in Fig. 11. If
the LDO is to be used in or near dropout
(usually at low battery voltages), this effect
should be considered.

40

35 —

30

25 /
20

PSRR - dB

Frequency = 100 kHz
5 |Cout =10 uF
VouTt =25V

0O 02 04 06 08 10 12 14 16 18 20

VIN ~ Vour -V
Fig. 11. PSRR vs. Vi — Vour.l!

Output capacitor selection is also critical to
high-frequency power-supply rejection. Low-ESR,
low-ESL capacitors give optimal results. Higher-
value capacitors also improve PSRR if ESR and
ESL are not significantly compromised. High-
frequency rejection can be significantly affected
by the resonant frequency of Coyr. In Fig. 12 the
peaks in rejection at 500 kHz are caused by the
10-pF output capacitor. Changing the output capa-
citor value can move these peaks up and down in
frequency; but variations due to layout, capaci-
tance, and ESL should be taken into account.

Using data sheets to compare the PSRR of two
LDOs is often not possible since there is no stan-
dard for measurement conditions. PSRR can be
significantly affected by Vin — Vour, lout> Couts
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Fig. 12. Ripple rejection vs. frequency, showing
peaks due to Coyr resonance.[¥

Cnr»> and Igyr, so care must be made when speci-
fications from different data sheets are compared.

C. LDO Load-Transient Response
Load-transient response of LDOs is typically

very good compared to switching regulators. This
improved transient response results in lower
output-voltage ripple propagating through the
output bus. In pulsed applications or applications
requiring fast start-up times, LDOs can provide an
excellent solution.

When load current changes rapidly, the pass
transistor must change its resistance quickly to
prevent the output voltage from changing. The
transistor resistance is changed by the error
amplifier that drives its gate. The speed at which
this occurs is dependent on several factors in the
IC design:

* Control-loop bandwidth — The regulator can
respond only as quickly as the control loop can
respond. The higher the loop bandwidth, the
faster the regulator will respond to load changes.

* Dynamic range — At very low current levels,
some control loops are at the low end of their
dynamic range and have lower loop gain. This
results in degraded transient response on
positive-going transients starting from low
current. Higher output-voltage undershoot
may occur from transients starting near zero

output current than from those with, say, a few
milliamps of output current.

*  Open-loop output impedance — Newer N-
type LDOs have inherently lower open-loop
output impedance, improving load transient
response. The load-transient response of an N-
type LDO with various Coyr values is shown
in Fig. 13. The difference between no capaci-
tor and a typical-value output capacitor is
relatively small.

* Error-amplifier output capability — The
speed at which the error amplifier can charge
or discharge the pass transistor gate is
determined by its frequency response and its
output-drive capability. Increased drive
capability usually requires increased supply
current, another important specification in
many applications.

ViN=38V L CouT =0 pF
40 mV/tick _T_ : Vout
s o= T
40 mV/tick _V ! Vout
1 Cout =10 pF
40 mV/tick =y } Vout
150 mA
25 mA/tick = T lout
m.
10 ps/div

Fig. 13. Transient response of an N-type LDO
Vs. COUT'[5]

Load-transient response also can be heavily
dependent on Viy — Vour and the absolute value
of the pre- and post-transient load currents. As
Vin — Vour approaches dropout, error-amplifier
dynamic range and drive capability are usually
compromised, limiting how quickly the regulator
can respond to load changes. This can result in
over- and undershoot of the output voltage. A
good example of this can be seen during certain
sequential decreases, then increases, in load
current as shown in Fig. 14. A negative-going load
transient near zero current that is faster than the
loop response will cause an overshoot of the
output voltage due to the extra charge dumped
into the output cap before the control loop catches
up. This extra charge, referred to as a “hiccup,”
bleeds off at a rate typically determined by the
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Fig. 14. Transient effects of active output pull-down.

resistor divider that sets the output voltage. If a
fast, positive load-current transient (called a
“bang”) occurs before the control loop catches up,
a severe undershoot can result. This hiccup-bang
behavior is not a problem for most applications,
but designers should be aware that it may occur.
Some LDOs have active pull-down devices on the
output that turn on when output overvoltage is
detected. While this is desirable in some
applications, it can be a problem if another supply
is to be connected in parallel with the LDO.

Input and output capacitors can affect load-
transient response. Low-ESR, high-value capacitors
near the input of an LDO can minimize output-
voltage droops due to source impedance. Low-
ESR, high-value output capacitors also improve
transient response by reducing over- and under-
shoot during fast positive and negative transients.

Ringing can occur under certain conditions at
the unity-gain bandwidth of LDOs. This is caused
by low phase margin at this frequency. Increased
phase margin reduces ringing at the expense of
slower transient response and degraded PSRR.

When the transient response of different
LDOs is compared, test conditions must be
similar. Viy — Vour, load-transient slope,
minimum Igyt, and Coyt all have significant
effects on transient response.

v

V. CONCLUSION

Noise management in battery-powered port-
able RF systems demands careful trade-offs
between noise and efficiency. Noise sources in
switching and linear regulators have been
discussed along with design principles to mitigate
them. The use of linear regulators to suppress
noise has also been discussed. The design tech-
niques presented in this paper provide practical
methods for addressing the noise management
challenges faced by RF system designers.
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Portable Power
Products

*

Challenges and Solutions in
Battery Fuel Gauging

Yevgen Barsukov

Outline
€ Increased requirements to fuel-gauging solution

€ Overview of existing fuel-gauging solutions and their problems

€ New approach combines the best and avoids weaknesses

REAL WORLD SIGNAL PROCESSING. %3 TEXAS INSTRUMENTS
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Reducing Design Time and Effort

€ Current solutions require different settings
for each new battery model

¢ With same battery model, a fuel-gauge
needs different settings depending on
particular application

€ New settings have to be written into every
chip using flash memory or configured using
external components like resistor dividers

€ Ideal for reduction of development time and
cost would be a “plug-and-play” fuel-gauge

1-2
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Increased Requirements to Precision of
Determining Useable Remaining Capacity

€ Hardware requirements
m Precise measurement of current and voltage
+ Need for high resolution ADC
+ Calibration ability

m Sufficient processing power and memory to implement
improved algorithms

€ Firmware requirements

m Consideration of aging effects
+ Eliminating the need for full discharge for correction of full
capacity
+ Providing continuous correction rather then periodic
+ Considering impedance change with aging

m Considering self-discharge and low-current discharge

Application Reports Workbook
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Improved Run-Time Prediction

€ Providing remaining runtime based on
capacity, impedance, rate and temperature

€ Power load based run-time prediction along
with current based

€ Information about run-time degradation

14
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Issues With Currently Employed

Algorithms

€ Current integration based

m |f not immediately following charge, requires correction for
battery self-discharge and low-rate discharge by electronics

m Update of total capacity due to degradation only at full
cycle discharge

€ Voltage based

m Relaxation properties of battery response make calculation
of voltage drop dependent on both current and time

m Time constants governing battery response are not fixed
and depend on state of charge, temperature, battery age

m Battery impedance defining voltage drop strongly depends
on state of charge, temperature, battery age

Application Reports Workbook
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Battery — Under the Hood

Kinetic Steps in Li-lon
Battery

Single

Particle Passivating

bt

Electron
Transfer

Diffusion
Inside Particle

Domains of a D
New Phase Diffusion

Inside Particle

Growth of a
New Phase

-Im(2)-Q

Corresponding Impedance

Spectrum
Electronic, lonic
Conduction
015 — .
% o
o 2
= L]
=] i =~ c
@ o £
_ = 2% 50 pHz
0.1 o = >z 2 c 0
Q B = o
g 3 < O °
g £
w
0.08:5
10 kHz
=
9
0.05 0.1 0.15 0.2

R(Z)-Q

*E. Barsoukov et al., J. New Materials for Electrochem. Sys., 3, (2000) 301
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Battery — Transient Response

3

€ Charged state

m Complete relaxation takes
388 — about 3000 seconds

\ /// m Voltage difference between

39

387

Voltage - V

20 and 3000 seconds is
N J 20 mV

T~

1] 500 1000 1500 2000 2500 3000 3500 4000 4500
Time - s

86

3.83

333

[ @ Discharged state

m Impedance is much higher,
33 therefore fast drop

329 ‘ m Despite small passed
\f— charge, complete relaxation
\

3

Voltage - V

3.27 takes about 3000 seconds

m Voltage difference between
325 20 and 3000 seconds is

o 500 1000 1500 2000 2500 3000 3500
s 40 mV

326

*C/3 rate current used for both tests

Application Reports Workbook
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How Voltage Relaxation Error Transforms

in State of Charge (SOC) Error?

100

50

SOC- %

32 345 37 3.85 42

Voltage - V

10 ﬂ
]

SOC Error - %

3.2 3.45 3.7 3.95 4.2

Voltage - V

€ Any algorithms which either make

impedance correction or directly
correlate voltage under load with
SOC are subiject to relaxation error

Error depends on particular voltage at
the moment of estimation

Maximal error reaches 15%, average
error 5%

Difference in SOC prediction based
on voltages measured during
relaxation and excitation states
reaches 30%

In discharge state, impedance and
relaxation error are about 10 times
larger, proportionally increasing error
in SOC estimation

1-8



Effect of Impedance Differences
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—Im(Z)-Q

of New Cells

0.0

€ New cells made by same manufacturer
(even in the same batch), and in same
state of charge, have significant
impedance differences

0.025

€4 Common industry impedance
measurement at 1 kHz gives false feeling
of security by being similar for different
cells. However, only low-frequency
impedance reflects DC performance

oo ® 50 cells reviewed for 2 different
manufacturers showed low-frequency
(1 mHz) impedance variation +15%

€ At 1C rate discharge, this difference
amounts to about 40-mV difference, which
results in maximum SOC error of £15% as
shown in previous slide

0.025

0.042 0.064 0.086 0.11 0.12
R(Z)-0 1-9
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Voltage Error Due to Impedance

—Im(2)- 0

Change During Aging

o @ Increase of battery impedance
y with aging is much faster than the
008 | ——4 A decrease of capacity

€ At 70 cycles, impedance typically
doubles compared to original

€ This change of impedance

03 results in voltage-drop error of
75 mV at 1C rate in fully charged
state, and much bigger one in
discharged state

€ Impedance increase widely

\ depends on usage conditions
such as temperature. Therefore,
1 estimation of aging by cycle
counting has limited precision

o 0 20 30 40 50 60 7o B0 =) 100
Q - Battery Capacity - %
1-10
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Voltage - V

Effect of Impedance Increase

4.5

3.5

on Runtime

l |

ssees [Fresh impedance

€ Change of no-load
capacity during 100
cycles is less then 1%

== |mpedance after 100 cycles —

€ During the same time,

impedance doubles

% € 2-times larger impedance

0.5

1 15 2 results in 7% decrease of
runtime at 4-W/cell rate

Workbook
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Comparison of OCV/DOD
Profiles for 5 Manufacturers

2 Mg € OCV profiles similar for all
%%m SE e tested manufacturers
. %_'“ ot ® Most voltage deviations from
average are below 5 mV
| ® Average DOD prediction
._ error based on average
Wy P 7 o voltage/DOD dependence is
DOD - %
below 1.5%
(5508 yandacuum ] = ’ : €4 Same database can be
e e W R | | used with batteries produced
ol ~ Venscurere| PR\ /| by different manufacturers
) o as long as base chemistry
AT R / is same
O | S e/ N ' ® Generic database allows
A ! significant simplification of
’ o ’ S fuel-gauge implementation

at user side
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Improved Initial State Estimation Using

OCV from Last Wake-up Measurement

System ON System OFF

System ON

N
)

\

i
-—

N

S

N

w
©

Battery Voltage - V

\ s

w
o

w
i

A
/

N

AN Measurement
Point

0.00 0.50 1.00 1.50
Time - h

2.00

2.50

@ Precision of OCV
measurement allows SOC
with 0.1% max error

€ 1000 seconds is sufficient
relaxation time for all tested
batteries

@ If time between last
termination and new start is
less then 1000 seconds,
previous SOC can be used
because self-discharge is
negligible

€ Therefore, the need for
self-discharge estimation is
eliminated

Application Reports Workbook
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Removing the Need of Full Discharge

425

to Account for Capacity Fade

System ON

System OFF Charge System OFF

4.2
415
> 44 l\ Start of Charge /f
© 4,05
2 I [ (P
> \ S p
e 3.95 7
/] N (P1)
m 39 ™,
[=1] \ ( s 7
3.85 e
38 N Measurement
S N Points
0.00 0.50 1.00 1.50 2.00 2.50 3.0C0
Time-h
System
43 System ON System OFF ON  System OFF
.2 |
41 Start of Discharge
>
Y- _,
=] P1
8 39 (;J
S . e -
oy ~
3 N\
= a7 -
@
3.6

35
34

€ Problems with full discharge

m Takes long time, so rarely used if at
all. Errors can accumulate between
updates and cause erroneous
values due to temperature
dependence of termination or point
load spike

€ Solution

m Full capacity can be detected by
comparing SOC before and after
exposure to load. SOC is obtained
from OCV points (P1) and (P2)

m Charge passed during exposure is
determined by exact coulomb
counting

m Method works for both charge or
discharge exposure
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Pulse-relaxation Profile to Obtain OCV

g, € Adaptive relaxation time used
o L e to assure full relaxation at all
~ 3.66 AL VY
L — states of charge
s e @ Both voltage (OCV) and
<08 . T . .
27 I|m|t|_ng |rr_1pedance profiles
Je obtained in one
"0 5 10 15 20 25 30 35 40 45 50 measurement
Time - h
45 1
0.75
. 4 /.4 = I
C;J — ,_';( o b
8 - ek
MV -\
{ 0.25
3 0
0 20 40 60 80 100 0 20 40 60 80 100
SOC-% SOC - % 1-15
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Operational Environment for
Impedance Change Correction

€ Notebook load environment
a5 K is determined by

\..," m Main constant power load

\»\ m High-frequency current
pulses (above 50 Hz), about

20% of main load

ot 5 : = —5 3 m Long duration transient loads

Time - h (above 1 second), up to
25 100% of main load

Workbook

Voltage - V
w

0 0.5 1 1.5 2 2.5 3
Time - h

*Samsung notebook current load and battery voltage recorded in real time
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Voltage Response Analysis

\

Voltage

> 4.15 [~

Relaxation From
Main Load Onset

----- Experiment

4.2 |-

——
——
——

4.1

Relaxation
From Load
Increase

Transient Model
— — Constant Current Model

* Relaxation

4.05

4 1 1

From Load
Decrease

0 01 0.2

0.3 04
Time -

05 06 07 08 059
ks

€ Complex load requires precise
measurement of current to
enable efficient voltage analysis

€ Smoothing out high-frequency
voltage noise possible by simple
averaging

€ Relaxation from primary load
onset has duration of about 500

seconds

€ Detecting relaxation periods after
load changes requires precise
current measurement with high
sampling rate

Workbook
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Selection of Current Levels and

Optimal Measurement Points

Current - A

LVINEL T 2R VA 72— ]
[4 -t 1 | A .
» . X - ]
FLVE LR LY : E‘( Aal

-1.46
3316.25 3432.5 3548.75

Time -s

3665

377

" """:__"_Lw,

‘oltage - V

366 o

3315.75 3431.5 3547.25

Time-s

3662

€ Measurement of voltage
for resistance estimation
can be distorted by
relaxation periods after
load change

€ Relaxation periods can be
excluded in real-time by
analyzing the current and
detecting its changes

€ When the start points of
new current levels are
found, data is taken after
finishing the relaxation
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Improved Consideration of

Aging Effects

® Full charge capacity € Impedance change

m 2-point last wake-up m Updated during every run
OCV method updates m Update requires analysis
total no-load capacity at of load/response profile
every (_3y0|e m After first 500 seconds of

m 20% discharge or charge operation, previous profile
is enough for update is rescaled

m No previous full-charge m Profile is updated along
needed with discharge progress

Application Reports Workbook
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Impedance Dependent on Temperature
and Depth of Discharge (DOD)

€ Limiting impedance is
000 0°C ! strongly dependent on

f;gg ,' temperature in both value
2

Q

e 30°0 X and profile shape
——40°C )
: 50°C X 'J/
X!
1 =

< /| ® Pulse-relaxation profiles
WW“& _/f g are acquired at different

e / temperatures to provide
0 20 40 60 80 100 temperature dependence

DOD - % database

1-20
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Knowledge of Temperature Profile

Needed for Run-time Prediction

Battery cell temperature during notebook operation

o8 B Ch d to Full 14
o & attery Charged to Fu a
< 34 o 12
g 1
5 39 ,"'-I 4 Battery Voltage |{ 10 =
e S -’ il ) Batte )

o " -* - - - ry ()]

8 30 7 - v ol "-‘ Temperature 8 &
& ’ % |i" < Battery , 9
F 28 - LY Discharged S 6
D H to Empty %, E
o __ |z 4. =
>26p e 4 3
o ‘ & Turn On Notebook o T
g 24 2

22 0

0 5 10 15 20 25
Time-h

*Measurement on IBM notebook

¢

*

Significant changes of
temperature occur during
device operation

Impedance changes
about 1.5 times at 10°C
change

To predict remaining
runtime, knowledge of the
resistance/temperature
dependence is not
enough

Future temperature profile
has to be known or
calculated

1-21
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How to Predict Remaining Runtime?

4 Load and

environment

information

m Average power
usage

m Recent power usage

m Future temperature

profile (thermal

modeling needed)

€ Battery related
information

OCV (DOD,T)

Full charge capacity,
most recently
updated

R (DOD,T) most
recently updated

Starting DOD, from
last wake-up OCV

& Calculations

m Simplified DC-model

in case of constant
current

Step-wise
calculation in case
of constant power

Termination time is
found when
predicted voltage
equals minimal
voltage

1-22
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Voltage - V

Run-time Estimation for

4.2

3.6

Constant Current

— Data
= Prediction

0.55 1.1 1.65 22

Time - h

*

*

In order to estimate the runtime until
termination, we need to predict voltage profile
during discharge

Sufficiently accurate calculation of voltage
profile can be made using simple DC-model
using OCV and impedance information

Starting depth of discharge is obtained from
last relaxed period OCV

Impedance profile and total capacity needed
for calculation are updated during each
discharge period regardless of its duration

OCYV profile is used as-is from generic
database, valid for all batteries with same
chemistry

Remaining capacity and other parameters of
interest are found from runtime using simple
relations

1-23
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Voltage - V

Workbook

Run-time Calculation for

4]

Constant Power

€ Voltage change with time at constant power operation
can not be given as an equation

current at small intervals (dt)

—— @ Stepwise calculation is possible by assuming constant

1. Current is calculated using known starting voltage and
impedance

Time -h

2. DOD is calculated by adding step DOD to previous

3. Total voltage is found using estimated current and
impedance for given DOD and compared with V

4. If exceeded, find exact termination time from last step

@ Once termination time is found, remaining energy is
simply trggy * W

€ Termination DOD and remaining capacity, found using
simple relations

1-24
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Summary

4 Problems solved

Need for full-discharge removed for capacity correction
Difficulty with low-current coulomb counting removed
Cumulative uncertainty associated with self-discharge correction removed

Correction for change in cell impedance eliminates large errors in run-time
estimation in aged cells

€ Implementation improvements
m Easy implementation on user side: removed the need for user-database collection

for most cases
Additional flexibility: Automated database collection for new chemistries supported
on chip

€ New services provided

Report of remaining runtime based on measured power usage and temperature
Report of battery aging in terms of run-time degradation
Report of remaining energy at given load along with remaining capacity

Report of average power usage
New level of precision due to continuously updated total capacity and resistance

1-25
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Portable Power
Products

*

Battery Circuit Architecture

Bill Jackson
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Block Diagram of Circuitry in a

Typical Lithium-lon Battery Pack

Protector FETs

rH_l Pack+
il

Three-Terminal Fuse

Secondary Primary Li-lon 5 (=
Protector Protector . .'l‘EhD )
witch an
L i Regulator Display
T Gas Gauge |
¥
e Ta— —N—ﬂ
T ADC V73
Level Coulomb Counter —/i,_"
= Translation MNon-volatile Mem q—s
Time Base ¥
: ,ﬁ CPU P /i‘
S ——— Clock
Sense Program Mem I —-
Resistor
"__J ‘)W Pack
Thermistor

Pack-
Fig. 1 2-2
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Typical Circuitry for Lithium-lon
Battery Pack

Theee Terminal Fuse Potcor FETs 4 |_jthium-ion safety protection
O LA g. |
il 1 m Overvoltage protection
Secondary FTies L o + Most critical safety issue
fmtec“” T « Often redundant protection
I . for overvoltage
T = Cell venting and fire may
result at extreme
overvoltage

m Short-circuit
m Overtemperature

m Undervoltage

+ Overdischarge will shorten
battery life

Application Reports Workbook
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Typical Circuitry for Lithium-lon

Battery Pack (cont)

€ Gas Gauge (Fig. 1)
. L
m Sense resistor for current/charge LED

measurement E Syih and
egulator spiay

m Low-offset current/charge
measurement device

m Voltage measurement ﬂ N e |
m Temperature measurement ADC 21
m Processor with RAM and program ool s ]
ime Base 4
memory . . . 1C—F’UB —}f_
¢ Gas gauging algorithm firmware RAM -
= Remaining capacity, state-of- Erogrem Mem Data
charge, etc. Pack
+ Time-to-empty and other computations .
m Communication to user/host reee
+ LEDs and display switch for visual
capacity display

+ Serial communication

m Possible secondary control of
protector FETs

2-4
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Optimizing the Design for

Measurement Accuracy

€ Component selection must support desired
measurement accuracy

m Use low temperature coefficient current-sense
resistors (<10 ppm/°C)

m Use high-accuracy current-sense resistors (1% or
better)

m Determine adequate performance level required of
measurement sensors/circuits

+ Versus temperature
+ Versus battery voltage

2-5
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Optimizing the Design for

Measurement Accuracy (cont)

€ PCB layout issues

m Cell voltage measurements

+ PCB trace voltage drops

+ External battery wiring drops

+ Ground reference for single-ended measurements
m Charge or discharge current measurements

+ Kelvin connections to sense resistor

+ High temperature coefficient of any included copper trace
resistance (0.39%/°C)

m Separate measurement-system ground from high-current
ground path

+ Improves accuracy of low signal level measurement
+ Reduces ESD susceptibility

2-6



/- uonvjuosoid

Transient Protection

@ Place thermal sensor to measure temperature of
cells, not PCB
m Avoid heat from sense resistor
m Avoid heat from protector FETs
m Avoid heat from high-current traces

€ Separate measurement system from heat
sources

m Improved measurement accuracy

+ Reduced component and reference drift due to
temperature

Application Reports Workbook
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Thermal Issues

Workbook

€ Need transient protection because of distributed
inductance in the battery pack
m Unplugging battery while under load

m Protector opening to break overload or short circuit load
fault condition

m |nrush surge to charge backplane capacitance when
battery pack is plugged in

@ Provide transient suppressors or sufficient capacitance to
absorb the inductive energy due to potential load or load
fault transients

2-8
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Low-Side Protector Issues

€ Low-side protector FETs are used on virtually
all 1-cell and most 2-cell designs
m Low-threshold NFETs are cheaper and better than
low-threshold PFETs
€ Choice of host- or cell-side of protector for
grounding battery pack circuitry

m Open protector may disrupt host communication with
battery pack circuitry with cell-side grounding

m Open protector may remove power from battery pack
circuitry with host-side grounding

2-9
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Low-Side Protector Issues (cont)

Workbook

€ Host charger failure with high-voltage output
will cause protector to open, but when host
pulls interface line low, there is a sneak
charge-current path that can allow continued
charging
m Substrate diode from Vg to
communication/interface line may allow

unintentional battery charging when protector
FETs are open (Fig. 2)

2-10
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Sneak Charge-Current Path From a

High-Voltage Charger Failure

( T «— «— ﬁ

Regulator

*{*
s
@Jj\

(E=|
j Viss Protector — j
) 3 o
R4 ) | C1 | Pack—
* - |
36V <« ! S

Battery i Host

Fig. 2 2-11
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Low-Side Protector Issues (cont)

¥ Need positive mechanism to prevent sneak-
path charging of battery (Fig. 3)

m Add diode in communication/interface line
(usual solution)

+ Add parallel capacitor to pass AC, improving
communication integrity and for ESD protection of diode

+ Shunt resistance to allow logic low condition when the
diode is back-biased

2-12
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Preventing the Sneak Charge-Current Path

From a High-Voltage Charger Failure

38V ¢

T < < Pack+
Regulator
Vee VeeH
R3
Pack—

g

Fig. 3

P
Battery | Host

Workbook
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ESD Considerations

€ ESD requirements may be greater than damage
threshold of integrated circuits
m Most applications must withstand £15 kV
+ Need to add external protection components
+ 15 kV may arc across body of small components

€ ESD current will usually flow to the battery cells and
then to earth ground
m Current will flow in path with highest capacitance (lowest
AC impedance) to earth ground
m 1-ns rise-time voltage (>3 kV) and current (>30 A)
transients can occur in affected traces
+ Large voltage drops along inductance of traces

+ Capacitive and magnetic coupling to adjacent components
and traces

2-14
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ESD Considerations (cont)

€ Most battery-pack requirements include surviving
multiple ESD hits from both direct connection and
air-gap spark discharges
m Discharges typically a human-body model of 150 pF with
1-kQ2 series resistance, charged to 15 kV

m Multiple positive and negative voltage discharges applied
to all connector pins

m Air-gap spark discharges to battery case

Application Reports Workbook
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ESD Design Hardening

€ Add spark gap structure at PCB connector
pads (Fig. 4)

Reduces peak voltage seen by internal circuitry
Must be on PCB external layer

Must be free of solder mask or other non-
conductive coating

A 10-mil (0.25-mm) spark gap will arc at about
1500 V at sea level

2-16
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Typical ESD Spark-Gap Structure

at Pack Connector

Pack— (Ground) Pack+

T

Connector Signal-Pin Etch Pad

Spark Gap

Fig. 4 2-17
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ESD Design Hardening (cont)

€ Component placement and routing to achieve good ESD
performance (Fig. 5)

Keep high-current traces away from low-level circuitry

Separate measurement-system ground from high-current ground
(tie together only at one point)

Capacitor from Pack+ to Pack— at connector
Capacitors across protector FETs

Keep bypass cap leads short

Add small value parallel bypass caps (lower ESR)

2-18
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Component Placement and Routing to

Achieve Good ESD Performance

Discharge Charge

FET Bypass around FET
BAT+ Protector FETs
)L |
i 1 c2 c3

0) Al RN

o™
9 <
o

F1

Low-Level Circuits

O 1

Fuse

————»C1 Oq—— BAT-

néooo [l ml

'y
[

Bypass from — Pack Pack -
+ to — near
— Spark Gaps y
Connector atpConnegor Sense Resistor

Fig. 5

Application Reports Workbook
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/0 Interface Issues

@ Substrate diode from /O line to V¢ is
potential problem
m Ve to IC in battery pack can be pulled up if host
Vcc is higher
+ Unintentional charging of battery can also result
m Depleted battery can pull I/O line low
m Pack insertion issue if ground connection makes
last (Fig. 6)
+ Potential for transient increase in V¢ to IC in battery
pack, causing improper operation

+ |ssue can be controlled by zeners that clamp the 1/0O
lines to less than the maximum allowable V¢

2-20
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Pack Insertion Issue When Ground

Pin Makes Last Connection

Regulator

Vee

or Other IC ESD

Protection
W i 4 » oo +/

Fig. 6 2-21
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Conclusions

€ Recognize potential issues prior to starting
the design
m Thermal
m Voltage drops along high-current traces
ESD and load transients
Potential fault conditions
Hot-plug issues

# Close control of PCB layout by designer

2-22
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Design Considerations and Advances
in Portable Power Battery Chargers

Charles Mauney
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Battery Charger Design Topics

@ Linear or switcher charger
@ Design for transient conditions

€ Powering a system load from the battery
charger output

# Alternative solutions — powering a system
from the input

3-2
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Linear Charger

® Design considerations
m Less complex — fewer components
m Low cost for low-power designs
m Low noise design
m Typical poor efficiency for multiple cells
m Thermal issues with high voltage, multiple cell designs

Q1

DC+) = £ fouTs DC+
R c
R1 (Q1 variable resistance)
Drive Regulator, 6-02
- ©n Feedback T2 — Battery
Controller = Battery
[DC- * {DC-) DC- )——

In = lour, {7

Efficiency = (Vo1/Viy) =100
Fig. 1a. Linear regulator Fig. 1b. Equivalent DC circuit
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Switching Charger

Workbook

€ Design considerations
m More complex than linear
+ Additional components: L, D4 and Cg 1
m Cost is attractive at higher power levels
m Efficient at higher power levels — less heat

Q1 L R
CS
. E//—\ ® IV \Nv\ {OUT A}
C
B
Drive D4
T O Feedback T Cour == Battery
Controller
DO— ° ISTo Y
DC % DC

Fig. 2a. Buck power stage
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Power Stage Modes

Qon
L Rcs
BT E/” N\C o aaat VAR louT+
B
Input capacitor Drive
supplies initial —
energy when ——Cn Feedback Cour = — Battery
switch turns on.
Input capacitor and supply are the source
Controller of energy during the on time of the switch.
[DC-) % [bC-
Fig. 2b. Current flow when switch is on
L Res
DC+) Qorr T RIS VWA {ouT+
Input capacitor 7 o ‘*‘ o
is charged by , Rty , e
supply during off | == Cin Feedback Cout == v — battery
time of switch.
Inductor is the source of energy
Controller during the off time of the switch.
DC-) ‘-17 [bc-)
Fig. 2c. Current flow when switch is off
Application Reports Presentation Workbook
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Switcher Design Considerations

Workbook

€ Input capacitor

m Low ESR - example: Panasonic, FK series
+ Use enough capacitors in parallel to handle input RMS current

m Verify capacitor listed impedance is less than 0.5 * V \yun/lvax.chg: O
prevent input from ringing

m Ringing may cause false charge termination

€ Power switch
m FET: Low V4 threshold, low gate capacitance to minimize switching losses
m Bipolar: Large h;, to minimize drive circuit requirement

m Note: If drive is not sufficient, the transistor will stay in its linear range and
dissipate more power which may affect performance and reliability

4 Output inductor
m Inductance must be rated for maximum peak current

m Limit current ripple to 30% typical (60% maximum) of Iy,
huax = (Vour+Vp) * (1-Vour/Vin/L
+ Higher RMS current leads to more power dissipation
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Switcher Design Considerations (cont)

€ Charger output capacitor

m Lowers impedance at output of charger — cancels effect of
inductive battery leads and helps stability

m The charger output capacitor helps stabilize charger operation
when the battery is removed

¢ PWM
m Constant switching frequency
m Switching noise at narrow frequencies — easy to filter

€ Hysteretic switcher
m Operates between two thresholds — fixed ripple

m Variable switching frequency produces noise in a wide
spectrum — harder to filter

m Place output capacitor across battery, when using low-side
current-sense resistor

Application Reports Workbook
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Designing for Transient Conditions

€ Voltage transients will be generated when connecting/disconnecting
power adapter, battery and system load

€ These transients happen mainly because of parasitic inductance

€ The transients must be considered during the design phase

Power Source

____________

Charger Battery System Load
1 I

.............................

Typical Charging System
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Powered AC Adapter Plugged
Into Charger

Line Impedance

AC Adapter for 3-ft Cord SW1 Vo
rCTTTTTTTTTTTT e m e m e T T T T T ' teLose = 20 ms IN
i D1 RappT tob Lune RLINE |

N~ L L~ { 1T

D1N4004 250 i
D2
I~

! Cpp=1,10, 100 pF §T o i
i . | Typical Inpu
1 (0.1 - # Caps) ! Impedance

! ! for a Linear
1
1
1
1
1

LT

1

1

1

1

1

1

1

1

I

| D1N4004 ”
O ot
; D3 M
1

1

1

1

1

1

1

1

1

RESRCI ! Charger

L1
~J

D1N4004

D4
-1

T~
D1N4004 ! %

Adapter (120 VAC to 5 VDC unregulated) is plugged into wall source and then hot plugged into charger's input capacitance.

N
(0.1/# Caps)

Note that a DC source is used to represent the voltage at the peak of an AC waveform.
The adapter's output capacitor will be charged to this peak value prior to hot plugging into the charger circuit.
C1 will stay charged to its full value during this time of interest (80 us).

Fig. 6a. Hot plugging an adapter into a charger circuit as a function of charger capacitance

€ A transient simulation was done on the above circuit for three values of C,, 1 uF,
10 pF, 100 pF

€ SW1 is closed after the adapter has charged to its peak value ~5V +/2 =7 V.
The voltage and current waveforms, at V¢, are plotted

Application Reports Workbook
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Powered AC Adapter Plugged

Into Charger (cont)

Cjyy Values
=1 JF

1 ¢=10uF

7 = 100 pF

20.0800 200800 20,0998

Fig. 6b. Plot of current and voltage waveforms

€ Transient results, at V¢,,, from plugging AC power into the charger input

m Increasing input capacitance reduces the ringing frequency and voltage
amplitude (1 pF, 10 yF, 100 uF)

m As the input capacitance is increased, the impedance of the circuit is lowered.
The line resistance is now closer to the characteristic impedance which is
where critical damping occurs, Z =V L/C

m At 100 puF input capacitance, the voltage peaks at 8 V and the current reaches
~40 amps
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Powered AC Adapter Plugged

Into Charger (cont)

€ How do we reduce the input transients?

m Adding capacitance — lowers voltage transient at the
expense of higher inrush currents

m Adding an input resistor in series with the line cord
works well but continually dissipates power in steady-
state operation

m Placing a zener at the input of the charger works well
since this is a single transient event

Application Reports Workbook
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Disconnecting the Battery From

a Linear Charger During Charge
 n L, T ol i

o oW . WA
topen = 45.01 ms i _'-; 1 mi ] Yie=1a (Lung*0.0022) topEN = 45 ms
trran = 0.1 ps GE1A ICedav | 1 eseermssmmeResResenead Y| WRan=001ms | |
Cehargerout L 1 Csys L ; < Rear !
| Pe TR 300 pF T : =o050!
! i I :
: .\h> Vin=4.2+Vg i IC=42V | == CpaTtP

! ! | T 01F :
o Resr i Resr - 1 L Cgar |
50 % ; LS : 3000 F

"""""""""""""""""""""""" %7 I Typical Battery Model

Battery unplugged from linear charger in constant-current mode.

The line inductance is equivalent to 2.5" (0.05 pH), 50" (1 pH), or 500" (10 pH) of line cable.
If the line conductors form a large loop, the inductance may be in the microhenry range
with a much shorter length (<100}

Vg = Voltage drop from V) to VigaT.

IC = Initial condition.

Fig. 10a. Battery unplugged from linear charger in constant-current mode

€ Three transient simulations were run on the above circuit for three values of L | e
and R ng (0.05 pH, 1 pyH, 10 pH and 0.1 mQ, 2.2 mQ, 22mQ)

€ SW2 opening action simulates battery removal
€® L, and L\ in steady-state condition have the same charger output current
€ The voltage at Cgqyg Will not change much due to its large capacitance

2 CChargerOUT is a 1-yF capacitor and will be charged by Ly, and discharged by L, e 12

during the transient
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Disconnecting the Battery From

a Linear Charger During Charge (cont)

1.0

- —
. \\
g ° "\//‘“‘\ .

w

z

- Line Inductance

-1.0 ¥ = Lyyng = 0.05 pH, Ry = 0.1 mQ —
e @ =Lyne = 1 HH, Ryne = 22 mQ

<L = Ly e = 10 pH, Ry = 22 mQ

§

3 /\/\
o

- i -

'é V N——

5

E}

=
X

-1.0

- 889

]

=] /\
£ 500 4 \ —
>. \\_/

L / /

s

2

5 0
> 328

45.000 45.005 45.010 45,015 45.020 45.025 45.030
Time - ms
Fig. 10b. Plots of current and voltage 3-13
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Disconnecting the Battery From

Workbook

a Linear Charger During Charge (cont)

€ Results of disconnecting the battery from the charger
m If L \e is less than Ly, then Cep,erout iS Charged

m If L\ is greater than Lqyr, then Cgypoerout IS discharged

€ How do we reduce charger output transients?
m Minimize cable inductance to reduce transient amplitude
m Increase charger output capacitance to minimize transient

m Clamp from going negative with a Schottky diode

3-14
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Battery Charging w/Parallel Load

@ Typical Li-ion battery modes

m Precharge
* Vgt < 3 Vicell

* lpre-cHe = lwax-cre/ 10
+ Charger output power, Pyt = lyax/10 * Vgar
m Constant-current fast charge

* 3 Vicell < Vg, < 4.2 Vcell
* lehg = lvax = lpam

+ Charger output power, Pyt = lyax ®* Vear
m Voltage-regulation fast charge

* Vgar = 4.2 Vicell

* loyc tapers toward the termination current threshold
+ Charger output current, Py = lyax ® 4.2 V/cell

3-15
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Battery Charging w/Parallel Load (cont)

€ Battery charging issues
m The system current decreases the charge current
+ Precharge mode: System will not operate or precharge fault timer will expire
= In precharge keep system off or in low-power mode
+ Constant-current mode: System operational but fast charge safety timer expires
= Increase safety timer value
= Increase charge current
+ Voltage-regulation mode: Safety timer expires due to not detecting full battery and properly
terminating charge cycle
= Taper current threshold not reached due to system DC load
- See supplemental charge circuit
= Taper current threshold is reached but dynamic load resets it
- Average load below taper threshold — put capacitor on sense pin to filter spikes
- Average load above taper threshold — see termination circuit

€ Charge complete issues
m Done state — if battery is removed, charger output may discharge to a critically low voltage
prior to refresh of charger

€ Notes
m Stand-alone charger assumes all the charger current is going to battery
m Safety timers and termination thresholds are based on current leaving the charger
m System loads pull more current as their input voltage drops to maintain constant power

m [f the system current exceeds charge output current then battery will discharge
3-16
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Termination Solutions for Pulsed

Loads and DC Loads > C/10

:'-t;-j:} -» - > I
= RS L c1 =R1
il = 10K TU'-'-'F == 110 ki2
MMBT3906LT1 I-/"4\- M | \ MmBT3g06LTY
M\ R7 oy @
=FRs 499 k2
= 412k
=R2 —— ensro
= 412k {BTAT1] [BaT» - TS {BAT |
R4
402 01
(STAT2
cf e
az2 ‘\1\. Q3
MMBT3904LT1 '\ ,.;-B B\ MMBT30904LT1
= R3 - RE o
= 1w = 1 Ma 1ISET}

Fig. 11. Termination circuit triggered by minimum sense current

pes[ H | ear+
| 12 | aar—
oc-| | —1 .a.r:T
7 ;raT
c2 - L
—=1pF Jz
16V
| DC- and BAT
| < | F!3I I are tied together
¥ ot W 02 |oapFT : |
,’// Fed &//|G,,.,.,, | g3 ] ‘;;f__ sRG Z;_':_R:_ j_—
L | Y ™ 1 ME2 <> 1.13 k2
— RS Y
1.5 kil D3
Grean

Fig. 12. Supplemental charging current to offset system minimum load
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Switching From Adapter to Battery Power

Optional Q1

4(| Q2
+
8[7 —~Csys é Rsvs
Charger Controller 3

Single-Cell
G 1@ Q3 Li-lon Battery

T 2 T

Fig. 13. Stand-alone battery charger controls power to system and battery

5-V Return

@ Circuit operation
m 5-V input source powers the charger directly and the system via
transistors Q4 and Q1
m Q3 and Q2 are off as long as the charger output is supplying current
m If input power is lost, Q1 and Q4 turn off and Q3 and Q2 turn on, which
are controlled by the PG (power good) pin. This action ties the battery
to the system

m Shoot-through current is minimized since both switches are passing
through their linear state during the transition
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Switching From Adapter to Battery Power

(cont)

€ Advantages
m Charger circuit is able to manage battery charge current and charge
battery properly

m System receives 100% of power from the input, improving power
conversion efficiency

€ New challenges
m Switching from adapter to battery power
+ Connecting battery to system prior to disconnecting input
= A minimum system capacitance is needed

» Shoot-through current occurs if adapter voltage is different than
battery voltage
+ Connecting battery to system after input connection to battery is broken

» Needs a large capacitor for system holdup
= Avoids shoot-through currents between power sources

3-19
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Conclusions

@ Linear vs. switcher charger

m A linear design is preferred for
+ Single Li-ion cell charging
+ Low-overhead-voltage designs, V\, — Vg1
+ Low-noise designs with few components

m A switcher design is preferred for
+ Multiple-cell, higher-power designs
¢ Large-overhead designs, V| = Vg ,1is>2V

€ Hot plugging
m Minimize the inductance of any current (power line) carrying conductor
m |dentify the main current carrying conductors that can be abruptly disconnected and
verify that there is sufficient filtering or clamping to avoid excessive voltage spikes
m Breaking the connection of an inductive loop will result in larger voltage spikes across
high-impedance components

€ Charging with a system load
m There are many issues with connecting the system load across the battery
+ Charger delivers less power the lower the battery voltage
+ Charger cannot make the proper taper and termination decisions
+ Transients could cause the battery to terminate early
m Connecting the system load to the input eliminates most issues. The main decision
is whether to implement make-before-break or break-before-make switching
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Portable Power
Products
i

Design Trade-offs for
Switch-Mode Battery Chargers
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Jose Formenti
Robert Martinez
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Design Trade-offs for

Switch-Mode Battery Chargers

Why do we need specialized DC/DC converters to charge a battery?

€ The charger must be designed to work with a battery as a
load. A battery is a dynamic load with sink/source capability,
its characteristics are dependent on the charge state

€ Possible problems when using a standard converter
m Stability issues on distinct charge regions
m Battery discharge happens instead of battery charge
m Charge never starts, system lockout
m Charger parasitic leakage paths cause system failure/damage

To implement a reliable battery charging system the converter must
have additional functions to support battery charging!
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Design Trade-offs for

Switch-Mode Battery Chargers (cont)

@ Topics to be discussed

m Selecting a DC/DC converter topology
+ High-side FET selection: PMOS vs. NMOS
+ Synchronous vs. nonsynchronous rectification
m Power dissipation vs. switching frequency trade-offs
m Unique converter design requirements for DC/DC
battery chargers
+ Preventing battery discharge
+ Battery behavior as a load
+ PWM control schemes
m Unique system design requirements for DC/DC
battery chargers
+ Preventing AC adapter failure modes
+ Optimizing AC adapter power usage
¢ Charger startup issues
* Preventing battery charger failures 43
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Selecting a DC/DC Converter

Topology and Function Set

€ System level design inputs to be considered when
selecting a topology
1) Charge current level

2) Operating ambient temperature and maximum power dissipation for
controller and external switches

3) AC adapter input range
4) Output voltage range
5) Target PCB area

6) Resources available on the system to implement power
management functions

)
)
)
)

» ltems 1) through 5) define converter power-stage topology
» ltem 6) defines level of controller complexity required

44
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Design Options for a Switching Converter

PWWM Switch

si_ ¥, Reense € Minimum requirements

Adapter Pack
i m Voltage loop to regulate charge
4 ¥ voltage

Drive IsensSE
m Current loop to regulate charge
current

m |nput voltage range compatible
with AC adapter used in
application

D1

VSENSE |-
PWM Controller

Current Loop Active ; Voltage Loop Active

o ome | € \What we need to define

Veack

m High-side switch type —
NMOS or PMOS?
m Converter topology —

Synchronous or

nonsynchronous?
fime (Applications where V |y > Vgatmax)

45
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Selecting a High-Side Switch

Integrated FET Data

—75

x""x 55
1 o]
Xa’! 45

!
! f"x -+ Rpgon) N

= Rps(on)_p

\ Qgs p
04 1 »* Qgs N

4
I

!

| _—
~ —

0 \“M««»",."I
0 1 2 3 4 5 6 7 8
Area (Normalized)

Usually NMOS devices are selected
for higher current designs to minimize
overall power dissipation and use
smaller, high current inductors
commercially available!

Comparing PMOS and NMOS
devices with same Rps oy,

€ PMOS devices

m Simple controller driver requires
fewer external components

m 100% max duty cycle

m Operates at lower switching
frequencies, inductor and capacitor
have larger size

m Higher cost
€ NMOS devices
m Lower cost

m Operates at higher switching
frequencies, reducing inductor and
capacitor size

m Controller driver is more complex
and requires additional external
components

m < 100% max duty cycle 46
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Nonsynchronous Topology,

PMOS High-Side Switch

Nonsynchronous operation modes and waveforms
Mode 1: Charge inductor
Mode 2: Discharge inductor, freewheels through low-side diode

Q1
Vsw Vour
Vin P | | | I |
OFF _ | >t
’_ — 1 2 1 2 1 2 1 €—Mode #
1 11T we - o ~
Vsw
pt
_VF
Vin Q1 Vgw Vout
Mode1 [ 12l
oae —
w O T DTS s
= L
>t
- l’ L
Vsw Vour VouT b — ~—— S~ —
Mode 2 K =i Pt
(torr) Ve, IL T T
= 47
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Nonsynchronous Topology,
PMOS High-Side Switch (cont)

PWM Switch-Gate 4 Advantages
70V Below v m 100% duty cycle

510 10 V Below V¢
m Uses 20-V PMOS FETs (gate
clamp)

m No shoot-through currents when
Pack switching high-side PMOS

m No parasitic paths from battery
to ground

Workbook

Adaptero

5

t Duty
|
el |

Nonsynchronous topologies area 4 Disadvantages
good low-cost choice for low-current s Power dissipation in

des_igns (3 to 4 A) where the end freewheeling diode
equipment can tolerate the power R
dissipation requirements! m Power dissipation in controller
' m Low switching frequencies

m High inductor/capacitor values;_g
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Synchronous

Topology,

PMOS High-Side Switch

Synchronous operation modes and waveforms:
Dead-time required to avoid cross-conduction

Qr

Dead Time

2

r=—= e | [ —
Qr|1 Qg !|ar|} Qs jfar|i Qs }|ar
2b 1

2c

>t

<— Mode #

N1 Vourt
Vin a
- B D1
‘JI (Optional) —

1 ¢ 1T w
) i ’ ’ OFF

ViN <
Mode1  / N

(ton) - Vsw
Ve

Modes 2a and 2¢
(torr)

|
1 b 1 2b 1
2a 2c 2a 2c 2a
Lr ' I ' .|

A e s~ o

v

Vout

A\

Mode 2b
(torr)
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Synchronous Topology,
PMOS High-Side Switch (cont)

g (S v 4 Advantages
| l (o] T | | = 100% duty cycle
| ‘F( g = Uses 20-V PMOS FETSs (gate clamp);
| [Ee, g B M”T’ bootstrap diode is not an issue
) Moo ), i‘ % m Reduces power dissipation when
_j\&» ' compared to nonsynchronous topology
#?Tr.‘ # Disadvantages
v Vv m Power dissipation in controller

m Low switching frequencies
m High inductor/capacitor values

m Requires break-before-make on

Main limitation for high current designs: high/low-side drivers to avoid shoot-
Controller power dissipation when using through currents

large PMOS FETs, large inductor availability

Better power dissipation than non-
synchronous; can operate at higher currents

m Controller must turn off low side during

PMOS makes sense for lower currents & start-up and taper to prevent battery

lower voltages with integrated solution discharge
4-10
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Synchronous Topology,
NMOS High-Side Switch

??f::i’;ig;.:c‘“ € Advantages
g N\ s m Low-cost NMOS used for high- and
| BT/ T 1 low-side FETs
e [ 1T prase mwfﬁ?frpm m Higher operating frequency
i Bﬁl"éﬁ"[ ) %; decreases inductor/capacitor size
| - € Disadvantages
e m Maximum duty cycle below 100%
= 5[7 m Requires additional circuitry in
controller and application circuit to
drive high-side NMOS

m Requires break-before-make on

Best solution for high-current and/or high/low-side drivers to avoid shoot-
low-power-dissipation designs! through currents
. . , m Controller must turn off low side
The increase in complexity does not during start-up and taper to prevent
affect the user if DC/DC converters battery discharge lockup

specifically designed for battery charge
applications are used!
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Switching Frequency x Power
Dissipation Trade-offs

(Vin—Vour )[ our ] AIL'[ tour ]
LMoy _ Vin*fs — Vinfs
Al Al AV,
80 1 I Lo l I
\ |
\ | |

I:L 60 — \ — w 300 — \ —
5 \ 8 !
B | s
Sawl ) —~ 8 200
2 \ @
3 \ o
0 2
o NV =20V s

20 — \\ — & 100 —

Vi =10V e
0 | | | 0
0.1 0.5 1.0 1.5 01 0.5 1.0 1.5
fg - Switching Frequency - MHz fg - Switching Freguency - MHz
€ Advantage

m Higher switching frequency reduces output filter inductor and capacitor values
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Switching Frequency x Power
Dissipation Trade-offs (cont)

25
I I I

Prot =Pcon tPsw

Prot

P =P, +P +P, +B +P
CON="ON_TT"ON_ B " "Rggpge T L7 C

g | Feon ]

Power Losses - W

05 j=

Psw =Psw 1 +Psw B +PscH *Pep

o L L
01 0.5 1.0 1.5
fs - Switching Frequency - MHz

€ Disadvantages

m Power dissipation increases as switching frequency increases due to higher

switching losses

+ High-side FET is dominant switching loss

+ Low-side FET has negligible switching losses, except for Qzg and Cygg

+ Gate drive losses for both high side and low side are dissipated within the IC driver and regulator
m Conduction losses affected little by the switching frequency

+ Low-side power FET losses are primarily conduction

+ For large duty cycles, the high-side FET will dominate conduction losses

Application Reports Workbook
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Avoiding Undesired

Battery Discharge

Blocked lgaT
i e —
Vgar ]

I } 11

;Bmcked lgaT
B —  —

Blocked

v
] — | 4= when Off

1 iy
Leakage Path

2 when On =

.|}_]

€ DC/DC discharge paths

m From battery to input —
through inductor and high-side FET

m From battery to power ground —
through inductor and low-side FET

@ Protection required

m From battery to input

+ Put Schottky diode — but conduction
losses increase

+ Put PMOS FET - reduces conduction
losses, but must synchronize
switching

m From battery to power ground

+ Put Schottky diode — but conduction
losses increase

+ Put NMOS FET - reduces conduction
losses, but must synchronize

switching 414
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Avoiding Undesired

Battery Discharge (cont)

I, =200 mA

_ |, = 920-mA Spike —

Time - 50 ps/Div

;I =200mA

Time - 100 ps/Div

@ Allowing low-side NMOS FET to

leak reverse current causes
large negative current discharge
spikes when powering up.
Continuous inductor current
always switching

@ Turning-off low-side NMOS FET

before the current is allowed to
reverse prevents the large
negative current discharge
spikes when powering up. High
current operation is continuous.
Low current operation is
discontinuous

4-15
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The Battery as a Unique Load

B+ ()? B+ U—I B+ Voltage-
S Dependent
— C | Source
Rg ™ I = Pg/V,
5 == B B=FB'VB
— (Pg = Constant]
B- O—l) B~ B-

%T

Voltage-
Dependent
So urce
L ce— =Pg/Vg
Oj {PB Constant]
Voltage-
Dependent
Source
=Pg/V
cPB Constant)

Battery looks like an inductor in series
with a resistor in small signal analysis

@ Typical DC/DC load
m Resistor
m Constant current
m Constant power

@ Typical cradle charger load
m Battery
m No battery

@ Typical embedded charger
load
m Battery
m Battery and constant power
m Constant power and no battery

4-16
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Trade-offs in PWM Control Scheme

A
N e
\
I \
: \ i
1.0 s\, .
§ b -y -
N .
2 T r—
o P f
w ’ PR —
i v = w | F TS tor
fg Ao i - - rS_HYS
u’?ow /_ i = |
i A o .
0 | l
5 10 L |
Vi - Input Voltage - V
f D f -
S_ton ton S_torr -
f 1

) ton + torr

1

1 1
L o&l o SR ———
c ( Vour “VIn  Vour )

€ Constant frequency — switching
frequency is always fixed,
irrespective of operating conditions

€ Constant on-time — switching
frequency decreases as input
voltage increases

€ Constant off-time — switching
frequency increases as input
voltage increases

€ Hysteretic — both on-time and off-
time varies. Switching frequency
increases as input voltage
increases

4-17
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Preventing AC Adapter Related

[

| SRR

Failure Modes

T VWVT Ach] |
! Adapter

g; ! Cable g Controller
1

To prevent those failure modes

1)

2)

Characterize the voltage overshoot at
controller positive supply line when hot
plugging a real adapter (with real cable)
into the system and make sure it is
below the maximum voltage ratings for
controller and power stage switches

Design the system so a blocking diode
or FET is always present, as shown
above, when adapter is not powering the
system

@ Problem description

m PWM controller is damaged
after adapter insertion or
removal

m PWM high-side switch is
damaged

& Possible root causes for
failures

m Positive supply voltage
overshoots when adapter is
hot-plugged into system,
causing controller or switch to
operate outside their SOA

m System design allows for a
parasitic discharge path from
system to ground, through the
PWM high-side switch, when
adapter is removed 418
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Optimizing AC Adapter Power Usage

Adapter

oPpl-a-/\\—4

— System

oS | oS € Adapter cost increases when

e % Swith Reenee the adapter must supply
system current and charge

current when pack is being

charged and system is running

IseNsE

VSENSE B

| e P comoer @ To optimize adapter power
Sense usage

m Monitor the current being supplied
by the adapter to the system

AC Adapter  5A m When the adapter current

Current

System
Current

Battery
Charge
Current

- reaches the maximum allowable

ﬂ limit reduce the charge current
= > . = This method is called DPM

Charge Current (dynamic power management)

V

AC Current Limit Setto 5 A

Application Reports Workbook
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Charger Start-up

Workbook

€ Any battery charger must have a controlled start-up mode
(soft start) to avoid undesired current transients into the battery

€ Requirements
m Ramp up the charge current slowly

m The soft start should ALWAYS be enabled when a new charge cycle

starts or when charge resumes (if suspended)
4-20
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Battery Chargers 2nd Level Failure

Protection Functions

Event
Charge time exceeds normal charging time
Battery pack temperature is out of range

Converter IC temperature exceeds safe operating
region

Charge current exceeds target value while pack is
connected

Voltage overshoot at pack removal when charger is
on (due to loop delay)

Pack cell or pack terminal short circuited; or pack
opens, resulting in low pack visible voltage

High-side switch is damaged due to thermal
overload and shorts adapter to pac

Detection/Action

Monitor converter on time; End charge

Monitor pack thermistor; End charge

Monitor converter-IC junction temperature (thermal
shutdown); End charge

Monitor charge current; End charge

Detect pack removal; End charge

None; Design PWM loop with ground-compatible
common-mode range

Monitor charge current; Add additional on/off switch
in series with high-side device to isolate pack from
adapter

Overvoltage condition occurs

Detect output voltage above target voltage; End
charge

MUST HAVE

OPTIONAL

4-21
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Optimizing Low-Power DC/DC Designs —
External versus Internal Compensation
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Product Development

€ Traditionally, each engineer had a specific
area of expertise

m Processor

m Interface

m Programmer
m Power supply

€ Today, one engineer may have to do it all

5-2
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Traditional Power Supply Design

€ Power supply given only to the “experts”

€ Considered “black magic”

Discrete components selection

FET capacitances

Switching waveforms

Critical layout issues

Magnetic design

Loop compensation

Fairly long, complicated design process

5-3
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Modern Power Supply Design

€ Integrated ICs eliminate the need for
m FET selection
m Compensation
m Magnetic design

€ Simplify and shorten the design process

@ You still need to understand
m How the supply operates
m The effect of modifying the external components

5-4
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Basic Buck Converter

[ S o o 0 A
LoQ1 L1 I Vo
1 Py Y :
il !
e i
I |
{ Rei |
|
v, <>[ _ Q2 | g R
| @ |
|
=| 1| Drive C1 !
| I
; :r_l—_-_-_-_-_-_-_-_: ------------- iz
1 C7 p 1
I - N
: SN T N
I ] [ '
I (B
I I N
| EII,_({SS R5 R2§ :
I 4 b "
: PWM & o R3 '
! Comparator ) il '
! i | Error > :
: B amp REF ]
: n R4§ ]
! i '
E Oscillator | | '
Ramp ! | !
E Modulator P | | Compensation :
e B D e T e e o I

Voltage-mode control implementation for synchronous buck converter with

external pole-zero compensation

Application Reports Presentation
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Compensation

Workbook

€ Power supply is a closed loop system

€ The feedback loop ensures that the output voltage
is constant and independent of variations in
m |nput voltage
m Load current

€ The feedback loop “compensates” for changes in
the input voltage or load current

5-6
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Compensation (cont)

€ DC modulator gain

¢ & — V|N
MOD DC AVR

AMP

@ Voltage feedforward
m Eliminates gain with changes in input voltage
m Simplifies compensation

m Improves transient response

Application Reports Workbook
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Compensation (cont)

Q1

Oscillator Ramp
I I I
! | \ :
r |
E I

f
|
[
|
[
|

off L

Modulator operation waveforms
5-8
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Compensation (cont)

€ AC modulator gain

m Function of the external L and C values

n G B 1+j'(,0'C1'RC-1
MOD_AC ~ 1+ je@* C1*Rq + (j*@)2 *L1+C1

€ Total modulator gain is the product of Gnop Ac
and Gyop pc

Application Reports Workbook
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Stability

150

€ Gain margin: The difference between TERTINIT
L1 Mhase \

unity gain and the actual power supply
gain at the frequency where the phase
reaches 180° i

se - degrees

.g_ ..!._!_ _
ﬂ:.f‘ f .5‘;
2
i

[n]
=
U=}
5
£

=100

€ Phase margin: The difference between | ‘

Gain - dB and P

I
180° and the actual power supply phase ‘
when the gain reaches 0 dB e ok ookt

€ Stability criteria: A minimum value for both the gain and
phase margin of a power supply. In power supply design, a
power supply is typically defined to be stable if the gain margin
is greater than 6 dB and the phase margin is greater than 45°.
The requirement for stability is typically met if the overall gain
crosses 0 dB with a slope of —20 dB/decade
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Example Modulator Response

Gain - dB

” \ ®\V, =6V
10 \
Gain ‘VRAMP - 1 V
0 N | -180°
N \ &L, =10 pH
_ Phase ~\ —270° S’ -
20 \\\ \\ ///’ i § ‘ COUT - 10 IJH
-30 - - T
T~ ® R =25 mQ
-40 -360°
\
-50 \
-60 \\
100 1k 10k 100 k 1™  10M

f - Frequency - Hz

Bode plot of G,,,, showing the gain and phase
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Types of Compensation

ZI-S uoupjuasaig

+120 +120
+100 +100
+80 +80
¢ 8
= 160 = +60
% s
<] o
+40 +40
+20 +20 -
0 | 0 l | I | 1 ] 1 [
10 100 1k 10k 100k 1M 10M 100M 10 100 1k 10k 100k 1M 10M 100M
f - Frequency - Hz f- Frequency - Hz
Type 1 Compensation Type 2 Compensation
+120
+100
+80
o
-
L +60
=
4]
+40
+20 -
0 1 i 1 1 1 1 1 |

10 100 1k 10k 100k ™ 10M 100 M
f - Frequency - Hz
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Power Supply Design Example

€ Requirements

mV,=3Vto8V = Li-lon (3.0to 4.2V)or
AC wall adapter (5 to 8 V)

m Vo1 = 1.8V = Processor core voltage
m |5, =600 mA
mV =25 mV

Ripple

Application Reports Workbook
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Power Supply Controller Design Steps

€ Choose an IC
€ Choose a switching frequency (500 kHz is a good start)

m Higher frequency
+ Smaller layout
+ Lower efficiency
m Lower frequency
+ Larger layout
+ Higher efficiency

& Choose inductor value

m Sets ripple current
m Ultimately determines required capacitance and ESR

5-14
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Power Supply Controller Design Steps
(cont)

@ Select inductor part number
m Tolerance
m Resistance
m Saturation current

€ Calculate max ESR and min capacitance
@ Select capacitor

€ Examine overall power stage solution
m Size
m Ripple
m Cost
m Efficiency

Application Reports Workbook
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Power Supply Controller Design Steps
(cont)

€ Repeat previous steps

m Optimization may require several iterations
€ Calculate modulator gain
€ Choose overall supply response

€ Calculate the required error-amplifier gain

5-16
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Power Supply Controller Design Steps

(cont)

@ After choosing the poles and zeroes for the compensation
network, you must still

Ensure that variations in input voltage do not cause instability

Ensure that the crossover frequency is less than 1/10 of the
switching frequency

Allow for variations in the peak-to-peak oscillator voltage

Ensure that the error amp has sufficient attenuation at the
switching frequency so it does not amplify the output voltage ripple
and cause subharmonic oscillations

Ensure that the midfrequency gain is greater than zero to prevent a
large overshoot at turn-on and during transient conditions

Ensure that the error amp has the drive capability to properly drive

the feedback network 517
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Power Supply Controller Solution
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FET Driver
Components
] i
|
.
- 5 [ -
L \
- i b
I “ Y——1m> | VIN
|
I TPS5103 | == > | GND
1 ) = —
(| soFTsTART LH fg—' Lo B g?;v
= INV ouT_u = — o (o]
i P Bt EET; I § i == T | vour
= cT ouT_d 1é GND
s RT OUTGND - .
“““ | 7 GND TRIP 2 - l
L e— 2 REF VCC_SENSE = ! =
----- ' —| ComP vee =2 If '
10| PYwsKiP VREF5 ——4 l:
— STBY VREGSV_IN [— =
)
i
AM
Compensation
----------------------------- .
i e
i :
L A =

Schematic of TPS5103 solution
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Power Supply Converter Design Steps

® Choose an IC that meets the V|, Voyr, and lgyr
requirements

€ Choose an external inductor and capacitor from the
list of recommended components in the datasheet

& Verify that the design meets the ripple requirements

5-19
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Power Supply Converter Solution

Workbook

VO uTt

1.5 V/800 mA

Vi L1
3.3t0 10V g 10pH
o—o—[vm SW
- F
Cry L EN B
10 wF TPS62052
4
LBI PG
1 2
— SYNC LBO ——=o
GND PGND
3 10

]

—L_Cour
22 pF

Integrated TPS62050 solution




Difference Between Two Designs

[ -G UovjUaSaLg

4 Controller € Converter
m Designer has control over m Little control over any
all aspects of the design aspect of the design
+ Switching frequency + Fixed frequency
+ Component selection + Fixed component selection
+ Loop response ¢ Internal compensation
m Fairly complex design m Simple design process
process

m Short design time
m Long design time

5-21
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Integrated Power Supply ICs

Workbook

@ If everything is fixed, what control does
the designer have over the design?

& Stability?

€ Transient Response?
& Size?

@ Efficiency?

5-22
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Stability

@ Proper external filter component selection
is required for stability

€ Datasheet provides recommended values

€ You can change external filter values
m Optimize efficiency
m Optimize size

m Transient response

Application Reports Workbook
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Gain - dB and Phase - degrees

Workbook

Stability (cont)

& Careful examination reveals that the LC filter
pole must be less than 24 kHz

150 — _ : : 150 >
| ol
100 | | | H ] I | 100 Lt T
1. | @ Loop Phase
=~.[||Compensation Gain g L] N
‘ =~ i g T~ manill
o =L L LU T /:' \ B $ . Loop Gain L \
| ' Tl T [N ' 2 =~
A N o T
1 | | Py oL M o ‘
Compensation Phase /" b TN £ \
1 | 1 | u ML
L il '|'| Modulator Gain '*:"": o %
=100 [—+HHH—-Hi I HHH i £ -100
o (1 o
i N o \
Modulator Phase || | | |~ NN
o LI OO T e
10 100 1k 10k 100k 1™ 10M 10 100 1k 10k 100 k ™
f - Frequency - Hz f- Frequency - Hz

Compensation and filter response of an Overall power-supply response with the

internally compensated power-supply IC recommended 10-pH and 10-uF output filter
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Stability (cont)

L C Pole Pole with 20% Result
(uH) (uF) (kHz) Tolerance (kHz)
10 4.7 23.2 29.0 Unstable
15 4.7 19.0 23.7 Marginally Stable
22 4.7 15.7 19.6 Stable
10 10 15.9 19.9 Stable
6.8 10 19.3 24 1 Marginally Stable
4.7 10 23.2 29.0 Unstable
2.2 22 22.9 28.6 Unstable
4.7 22 15.7 19.6 Stable
6.8 22 13.0 16.3 Stable

Application Reports Workbook
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Stability (cont)

€ 15.9 kHz to 19.9 kHz
is stable

VOUT .}"W'M“.”"WM H
20 mV/div
(AC Coupled) 1 WA

Indiictor | ! T 'JI, _I
Current | | | || [HGVEY
100 mA/div Lpth i !
1y
bk ik A

0 ' . i
Time - 5 ps/div

Transient response of stable, internally
compensated power supply with 10-uH

and 10-pF output filter

€ 23.2 kHz to 29.0 kHz is
marginally stable

| AR L
VOUT M"W o ¥ “KI I,l'-_wf I\".;(“"‘f_ .!
20 mVidiv | \ | \A
(AC Coupled) | [ [1VI] E | [
: | _|
[ 1 ™ | 1 1|
|_ — l_l_l_ll_F .'.!._.l..'...I]._..{......l__.i. i ..._ll
Inductor i ‘ IITRNEN NI R

Current | | _11{ LI WA S W7 W Yt T

100 mavdiv||11}/11)] 2 LB LUSH | S L

ferr ]i |

AN I T

, Iy | |

Time - 5 ps/div

Transient response of unstable,
internally compensated power supply
with 4.7-yH and 10-uF output filter
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Optimizing Inductor

€ Reducing Size

m Larger series resistance

m Possible saturation issues

@ Increasing Efficiency
m Physically larger size

m Smaller series resistance

Application Reports Workbook
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Saturated Inductor

€ Physically smaller inductor with lower saturation current

Switch Node

: Vsw i I l —
e e a4 :
1-#|- : : m.m*'_ \ :

. Inductor ]
: Saturation +

100 T O T, S5 O T W18

| Output Voltage™
Vourt

e R L B R S Lo B

: I-n-du;:tor -Curr-en-t |

I
4+

Transient response with inductor current entering saturation
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Optimized for Efficiency

93

/(—\
90 s

- %

Efficiency

87 %
86

7 WK

b

X
\,‘\
N\

A

/ -3~ CDRH6D28-100

N

85 -i—- CDRH4D28-100
84 CDRH3D16-100 \
-$- CBC2518-100
83 T T |
0 100 200 300 400

Output Current - mA

Reduction in efficiency versus decreased inductor size

Workbook
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Peak Current

€ Lower inductance = higher ripple current

€ Higher inductance = lower ripple current

AIInductor =
Lout * foscinator

€ Maximum output current set by
m Fixed peak FET current

m Inductor ripple current
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Peak Current (cont)

| 1 Al
OUT_max ~ 'SW_Limit = o

IDUT_max(1 0)

i 4.7-uH Inductor

Effects of inductor on output current

® Assume V=5V, Voyr = 1.5V, Igy pk = 380 mA

L 10 uH L > 4.7 yH
Al =105 mA Al =224 mA
IOUT_max =328 mA IOUT_max =268 mA

5-31
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Transient Response

& Lower filter output impedance = better transient response

Vour m: 1 1 —1 VouT vt — i " — Vour  msmmmn——— —————
20 mVidiv n Tl Ll g By 20 mVidiv | el ."',.'I .l 20 mV/div b w S A
(AC Coupled) [l |‘-‘JL-‘ WREEEEEEEEET (AC Coupled) | T 1 (AC Coupled) i S L
...... '. i :
— :.',’|r1|.;,1!-q|[i|_-u LA all|ll;rrn;1-‘;;. e | ”".[Ui”}u,, T “u'"‘u'u“"': it H——+ 'EI."-HI J |||'Hf|' ” ||| u
f R AT LA Y TLLLA (LY
Current ," lll:'“ [ el Current f' L h U Current 'I\-“ ||l|“"||ll'|'] |I||Il|[I
100 mAVdiv | ] : — 100madiv [ | | 11 1 100 mA/div e 1
INTTETE) A | | By | ALY L ! 3 | | i‘” IlII ll’"' |
FATTI 1 I =1 Hrni[um T I [ “l I i
" ; | i _ : _ | | o AP .
Time - 5 ps/div Time - 5 ps/div Time - 5 ps/div
Transient response with a Transient response with a Transient response with a
10-uH and 10-pF filter 10-pH and 22-pF filter 4.7-yH and 22-pF filter
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Total Solution Size

€ Low-power supplies
m Integrated solutions typically provide smaller solutions

m External FETs and compensation components are a large
percentage of total supply area

€ High-power supplies
m Discrete solutions typically provide smaller solutions
m External compensation allows optimization of power stage

m External compensation is a small percentage of overall
solution size

Application Reports Workbook
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Total Solution Size (cont)

Workbook

Externally compensated TPS54610
Versus
Internally compensated TPS54616
V=5V, Vo 1=33V,Ilgyt=5A
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————2lvens

hvy

Total Solution Size (cont)

U
TPS54616
Blrr * ViN=5V
27 *l ct cea _L coB
SYNCH =T~ 150 uF IlﬂpF T 10pF

8

o S5/ENA 7 hv

4

o PWRGD

3

o COMPNG

2 lysense sooTH——|—
9

18 | 0.047 pF

L anaGND

M

+] C2a  +l c2ar  +| caa2

l.-.?o uF [~ 470 yF J—; 470 uF
A

Vour =33V@BA

Typical supply with
internal compensation

Typical supply with
external compensation

Application Reports

™
TPS54610
Blar VI . . . ViN=5V
23
*
- ki + o1 1 con lcsa
—EHswnon  vinEE—— FSis04 T 0uF 10 pF
5 1 |
e SfssEna  wNEl— o v
LRI PH
! 5 valas PHHE —
v PHI-Z .
4 1
Hpwrap P
R1 R3
247 k2 7.45kn 10006F 3 P
Wi AW—} " COMPING  PH
c7 ‘ i
a7 pF PH .
X fi s | Vour =33V@6A
| AV I PHIZ ' -
ca RS SENSE BOOTH i 5 |
7 < ! A _| cs
270pF  13k0 panDH2 c3 == 10uF T 10 pF
2re peNDL1 0.047 F
> 10.2 ka PGNDH
1 —ANAGND PGND|-2 4 v
v & rannls
___PwPad |

Presentation

Workbook
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+ + + 1
£3 Cald &
()] O 1 ﬁ _ ol
AR AR Y =2 EL
N = O ©
Internal compensation (1.750 x 0.45 in)
|iCy | IC61 | IR || IR3 | %
|ICA | By 1 -
JEEAE=Y =]
’ ur 2
=/= [l | A
o o 2

External compensation (1.200 x 0.525 in)
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Conclusion

& Stability is important
& Power-supply design is easier today

€ Space, time and effort are reduced at the
expense of flexibility

€ Optimization is still possible for integrated
supplies if you understand the trade-offs

Application Reports Workbook
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Portable Power
Products

*

Noise Management in
Portable RF Systems

Ray Crampton
Dennis Hudgins
Dave Heisley

REAL WORLD SIGNAL PROCESSING. %3 TEXAS INSTRUMENTS
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Introduction

Workbook

Many portable RF applications have special noise
requirements. The design of the power supply is
an integral part of the overall management of
these issues.

This paper will discuss technical challenges in
typical portable RF applications and will offer
suggestions for overcoming them.

€ Cell phones ¢ Wireless barcode readers

4 WLAN 802.11 cards
@ Bluetooth headsets

€ Wireless infrastructure

6-2
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Typical Portable Wireless Block Diagram

¥ Noise sources
Common Power-supply Bus AC power

‘/Aﬂows Noise Transmission )
RF oscillators

|
|
I = Regulators
m External sources

€ 3 ways noise couples

m Electromagnetic
coupling

N m Conduction through

.ﬁ PCB traces
> Rx RF m Conduction through

ground plane

Charger

|
\VCO/
Synthesizer

6-3
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Workbook

Troubleshooting Noise Problems

€ Determine the noise source
m Switching frequencies
m RF oscillator frequencies
m Unrelated external frequencies

€ Determine coupling mechanism
m Electromagnetic coupling
m Conduction through PCB traces
m Conduction through ground plane

@ Fix the problem
m Electromagnetic: Improve layout, add shielding
m Conduction: Add noise filtering (capacitors, LDOs, ferrite beads)

m Ground plane: Improve layout
6-4
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Source Impedance Can Be a Noise Source

€ Inductive part of source
Common Power-supply Bus impedance causes voltage
Allows Noise Transmissicn . .
/ spikes on power supply line

l during load transients. This
ﬁ— creates noise spikes and

could even damage ICs

Charger

€ Inductance sources

m Battery is low-impedance
with full charge but higher-

I
VCO/

'S Synthesizer ) St
1 impedance as it discharges
— N m PCB traces, vias and
_.ﬁ interconnect wires add to
" TR battery or AC source

impedance

6-5
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Switched Mode Power Supplies

Workbook

€ Switched power supplies are becoming more widely
used due to efficiency demands and improved power
supply IC products

€ These supplies may generate unwanted noise
€ Noise may be present across a wide frequency range

€ PCB layout, control loop characteristics, circuit
topology, and bypassing largely determine how much
noise is generated
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Buck Regulator Topology Review

IRIPPLE

— @ Input is switched on and
il g%"‘v"m“’ off at an appropriate
s et duty cycle, then is
| N — filtered by an L-C to
= Y | ES“( | = ESH: create a stable DC
ESL i Control %:ﬂjwz i OUtpUt .
_______ M\Parasitics  Parasitios” SIIIE € Many noise sources are
of Cin of CouT

present in the circuit
m Inductor current waveform
m Switch gate waveform

m ESR, ESL of input/output
capacitors

6-7
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Output Capacitor Selection and
Load Transients

Workbook

alonn o~ € ESL and ESR of output

DR "\ IInductor

Output
Currents

capacitor significantly
affect noise spikes
during load transients

Coupled

& Smaller value inductors
improve load transient
response because
inductor current can
increase/decrease
more quickly. Smaller
inductors also have
larger ripple current,
possibly increasing
radiated noise
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Frequency Synchronized and

Phase Offset Supplies

€ Multiple switching supplies can be
synchronized and phase-offset to minimize
the peak to average load on their input bus.
This reduces maximum current ratings of the
input supply and reduces noise voltage
magnitude on the common bus

€ Switching supplies can be synchronized to a
common frequency to ease filtering of
switching noise

Application Reports Workbook
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Workbook

Power Savings Modes

Vsw
5 V/div

Vo
20 mV/div

I el

100 mA/div

v

€ Many switched supplies
utilize power savings modes
to reduce supply current
during low-load states

»'¥ @ Pulse-skipping is shown

2 ps/div

here. This reduces the
number of times switch gates
are charged/discharged
which reduces supply current

" @ Pulse skipping does not

change the switching
frequency but it adds an
additional, smaller magnitude
spurious at a lower frequency
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SMPS Layout Considerations

3 L1 placed close
to IC but far

from sensitive
feedback pin
Ciy (C1) placed

close to V) of IC

Vin Vout
Court (C4) placed
close to L1
Gnd
Gnd

Resistor divider placed
far from noisy L1.
Ground return does not
L pass under Viy, Vour
nd L1

Ground plane on top
and bottom terminates [
noise fields

U1 L1
TPS62200 10 uH
Vin fon T sw 2 A~ iy

R1

_L c1 GND |
c4
IMpF | 1 . el 475 kQ o

R2
182 kQ2
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Linear Regulators

@ Linear and low dropout (LDO) regulators
generate far less noise than switched supplies,
normally at the expense of efficiency

& Offer very high-power supply rejection, reducing
the effects of noise at the input to the IC

€ Transient performance is normally very good,
resulting in more stable voltage rails during
load changes

& Linear regulators are generally very easy to use
and offer a very low solution price

6-12
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Linear Regulators (cont)

@ Close-loop feedback

system that drives a
pass transistor such
that a scaled output
voltage is equal to an

internal reference
voltage

6-13
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LDO Broadband Noise

€ The bandgap (BG) is

' ’ typically the dominant
noise source in an LDO

€ BG noise is gained up
by Vour/Vae

€ Some LDOs have low
bandgap noise (usually
with higher I5\p or
external cap)

€ Watch how noise is
specified in the data

€ Output cap selection (large ceramic) sheet (V71, frequency

@ External bandgap bypass cap range, loyr)
value/location/type — start-up
time/noise trade-off

€ Input cap may reduce input noise 6.14

I
Enable 0—:7
I

I
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LDO Power Supply Rejection/

Input Transient Response

€ Feedback loop bandwidth
limits high frequency rejection

@ C, reduces high frequency
rejection

€ Error amp output stage drive
capability limits how fast pass-
element gate can be charged/
discharged. Related strongly
to Ig\p iN error amp output
stage

€ Degrades in dropout

4 Choose proper input/output bypass capacitor to filter input and
output noise

€ Be aware of behavior near and into dropout, taking into account
size of signals on the power supply line

€ Watch how PSRR is specified (Cy, 1, frequency, C\g)

Application Reports Workbook
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Typical LDO Power Supply
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LDO Transient Behavior

€ Bandwidth of feedback loop
determines how fast LDO
can react to changes

€ Error amp output stage drive
capability limits how fast
pass element gate can be
charged/discharged

T € Degrades in dropout since

t L s pass transistor gm falls

- € May be much different for
transients to/from no current

vs. small current

€ Choose proper input/output bypass ,
capacitors to filter input and output ¢ ﬁgtgr:g;;fm pull-down may

transients
€ Be aware of behavior near and into ¢ Related to Igyp

dropout and small vs. zero load

€ This is generally poorly characterized
in data sheets 6-17
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LDO Transient Behavior (cont)

Vi =38V \_ Cour=owF @ N-type LDO can be

40 mV/tick - VouT . .

i designed for transient
40 muttiok |y~ Courz1w |, response thatis

relatively insensitive to
PR —— sl ol I output capacitance
150 mA

25 mA/tick |—1 lout

} L 10mA

10 ps/div

6-18



61-9 UOIDIUISAAT

Transient Effects of Active Pull-down

ILoap,

High

VouT1,

Nom

Vourz
Nom

ILoaD,

Low

lLoaD

“Hiccup" Overshoot

Decay -t = Cout * Rpivider

LDO without
Active Pull-down

/

‘Bang”
4 Undershoot

LDO with
Active Pull-down

v

Time

€ LDOs exhibit overshoot
when the load is quickly
removed due to the time
it takes to turn off the
pass device

€ Active pull-down on the
output minimizes the
duration of overshoot. It
can cause problems if a
secondary supply with a
higher voltage than the
LDO is connected to the
output

€ Repetitive load transients
could cause large noise
magnitude under these
conditions

6-19
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Summary

Workbook

€ Power supply design is an integral part of managing
noise in portable RF applications

€ Careful attention to layout can eliminate
troubleshooting time and extra components (normally
capacitors) used to fix noise problems

& Carefully read product data sheets to get an accurate
comparison between products

@ Use field applications engineers to help select the best
device, give layout guidance, and make sure your
design is a success

6-20
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bi TEXAS Application Report
INSTRUM ENTS SLVA114 — August 2002

Advanced Gas Gauge Host Firmware Flow Chart for
the TI Battery Monitor ICs
Doug Williams Power Management Products

ABSTRACT

Tl advanced battery-monitoring ICs, such as the bg2018, bg2019, and bq2023, are
designed to accurately measure the charge and discharge currents in rechargeable
battery packs. Intended for pack integration, these devices contain all the necessary
functions to form the basis of a comprehensive battery capacity management system in
applications such as cellular phones, PDAs, Internet appliances, or other portable
products. Tl battery monitors work with the host controller in the portable system to
implement the battery gas gauging and management system. The host controller is
responsible for interpreting the battery monitor data and communicating meaningful
battery data to the end-user or power management system.

Workbook

This document, written around the bg2019, is designed to assist the firmware engineer
engaged in development of advanced gas gauging routines in the host controller. A flow
chart is presented for implementing the gas gauging function in the host firmware.
Suggested constant and variable values are outlined and described.

This document is designed to be used in conjunction with the related application note Advanced Gas
Gauge Host Firmware Guide for the TI Battery Monitor ICs (SLVA100)

Gas Gauging Functions

Presentation

Apart from the required general read and write functions, gas gauge firmware may be broken
down into six tasks as in table 1. The flowchart is organized according to these functions.

Table 1. Gas Gauge Firmware Tasks

Name Recommended Interval Description .
GGinitialize( ) On power up Qualify the battery and communication. Read and convert ":
constants and scratch pad variables from bg2019 into the <)
host. ="
GGUpdate( ) Once per minute (typical) [ Calculate capacity, average current, run time and charge qu
time. Manage full, empty and learning. Update display.
GGRegisterMaint( ) Hourly Do register maintenance. Store remaining capacity in the g
bg2019. Clear registers. =
GGSelfDischarge( ) Several times per day Make corrections to remaining capacity for self-discharge. g
GGMeasBattVitg( ) Every 20 seconds Measure the battery voltage. Call GGUpdate( ) if battery —_—
crosses the empty voltage threshold. &
GGPwrDwnSave( ) On power down Provide an orderly shutdown. Update bq2019 registers. <

Application Reports 1
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Gas Gauging Constants

Table 2 below outlines a set of suggested constants for gas gauge implementation. Notice that
the last three are only used as a mechanism to simplify calculations in the firmware. The
flowchart refers specifically to many of these constants.

Table 2. Typical Gas Gauge Constants

Class Name Suggested Used In Type/Units Description/Comment
bq2019
% A(?dress
3 [1]
= ID_ROM 78~7F GGinitialize( ) 8 bytes Factory programmed ROM
f sMFG_DATA 20~25 GGinitialize( ) (str) ASCIl | Manufacturers data
Qe sMODEL 26~2B GGinitialize( ) (str) ASCII Battery model
3 Mig Data sMFG_NAME 2C~35 GGinitialize( ) (str) ASCII Manufacturer name
iSERIAL_NO 36/37 GGinitialize( ) (uint) Serial number
iIMFG_DATE 38/39 GGinitialize( ) (uint) Date | Manufactured date
iDES_CAP 3A/3B GGinitialize( ) (uint) Pack design capacity
GGUpdate( ) MiIIiampere
Hours
iSNS_RES 3C/3D GGinitialize( ) (uint) mQ Sense resistor mQ x 2%/
*327.68 | 100
= iSLF_DSG_RATE | 3E/3F GGlnitialize( ) (uint) %/Day | Self discharge rate
2 GGSelfDischarge |~ 105.8
; iEND_DSG_VLTG | 40/41 GGinitialize( ) (uint) End of discharge voltage
= GGUpdate() Millivolts
o GGMeasBattVitg( )
8 iTERM_CURR 42/43 GGinitialize( ) (uint) Charge taper termination
a GGUpdate( ) Milliamperes | current
Design iCAP_COMP_TE GGilnitialize( ) (byte) % of | Capacity compensation for
Data 44 GGUpdate() full capacity | temperature
iCAP_COMP_LD 45 GGinitialize( ) (byte) % (_)f Capacity compensation for
GGUpdate( ) full capacity |load current
. iTALK_LD n/a GGinitialize( ) (uint) mA Estimated talk load
": iSTBY_LD n/a GGinitialize( ) (uint) mA Estimated standby load
(= iTALK_LD_CNTS |n/a GGinitialize( ) Counts @ =iSNS_RES *iTALK_LD /
5y GGUpdate( ) 3.05uvh | 1000
Qﬂ iSTBY_LD_CNTS |n/a GGinitialize( ) Counts @ =iSNS_RES *iSTBY_LD/
= GGUpdate( ) 3.05 pvh 1000
.E iCYCL_CAP n/a GGinitialize( ) (uint) = May be used to simplify math
g GGUpdate( ) ?DES_CAP *lin GGUpdate( )
>) iSNS_RES*
o= 0.8/1000
=R
2- [1] Addresses are in hex. n/a indicates that the values are maintained by the host since they are

not a function of the battery. ID_ROM is a fixed address in the bq2019.

2 Advanced Gas Gauge Host Firmware Flow Chart for the Tl Battery Monitor ICs
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Gas Gauging Variables

Table 3, below outlines suggested variables and memory addresses for gas gauge
implementation. The flowchart refers specifically to most of these values.

Table 3. Typical Gas Gauge Variables
Class Name Suggested Used In Type/Units Description/Comment
bq2019
Address
[2][3]
iLastMeasDsg 00/01 GGinitialize( ) (uint) Counts | Last measured discharge.
GGUpdate( ) @ 3.05 uVh | (Initial value set during mfg.)
GGSelfDischarge( )
iRemCap 02/03 GGinitialize( ) (uint) Counts | Remaining capacity (Initial
GGUpdate( ) @ 3.05 uVh |value set during mfg.)
iCycleCnt 04/05 GGUpdate( ) (uint) Units | Cycle count (Typically
increased if iDsgCntrCuml
has reached 80% of design
capacity)
iMaxTemp 06 GGinitialize( ) (byte) Max temp seen by this
GGUpdate( ) oK bg2019. Update it in the host
GGPwrDwnSave( ) during GG_Update.
iValidDsg 07 GGinitialize( ) (uint) Valid discharge flag. This is a
GGPwrDwnSave() |Flag flag, but 0x55 is used to
indicate true to avoid possible
corruption on power down/up
cycles.
iDsgCntr 08/09 GGinitialize( ) (uint) Counts | Discharge counter for
Computed GGUpdate( ) @ 3.05 uVh |learning a new iLastMeasDsg
Values GGSelfDischarge()
GGPwrDwnSave( )
iDsgCntrCuml 0A/0B GGinitialize( ) (uint) Counts | Cumulative discharge counter
GGUpdate( ) @ 3.05 uVh |tracks partial discharges for
GGSelfDischarge() iCycleCnt update.
GGPwrDwnSave( )
iLastRemCap 0C/0D GGinitialize( ) (uint) Counts | Last computed remaining
GGPwrDwnSave( ) @ 3.05 uVh |capacity value
iCumliCorrectn OE/OF GGinitialize( ) (uint) Counts | Tracks cumulative self-
GGUpdate( ) @ 3.05 uVvh [discharge corrections.
) Disqualifies learning cycle if it
GGSelfDischarge( ) exceeds 10% of iDES_CAP.
GGPwrDwnSave( )
iTimeSinceMaint |n/a GGinitialize( ) (uint) Minutes elapsed since last
GGUpdate( ) Minutes register maintenance.
GGRegisterMaint( )
iRunTime n/a GGUpdate( ) (uint) Estimated remaining run time
Minutes at present current.

Advanced Gas Gauge Host Firmware Flow Chart for the Tl Battery Monitor ICs
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Table 3. Typical Gas Gauge Variables (Continued)
Class Name Suggested Used In Type/Units Description/Comment
bq2019
Address
[2][3]
iTimeToFull n/a GGUpdate() (uint) Estimated remaining time to
Minutes charge to full.
iTalkTime n/a GGUpdate( ) (uint) Estimated remaining run time
Minutes atiTALK_LD
iStbyTime n/a GGUpdate( ) (uint) Estimated remaining run time
Minutes atiSTBY_LD
iRelChgPercent n/a GGUpdate( ) (uint) % Relative charge in percent of
full charge. aka ‘RSOC’
binit n/a GGinitialize( ) (bool) Initial pass flag. Inhibits
GGUpdate( ) Flag iRunTime and iTimeToFull
calculations the first time
through GGUpdate( )
bEDV n/a GGinitialize( ) (bool) Flag to notify other host
GGUpdate( ) Flag process that battery is at end
of discharge voltage.
bChgFull n/a GGUpdate( ) (bool) Flag used by the charger or
Flag other host process to indicate
that the battery is fully
charged.
iValidDsgRam n/a GGinitialize( ) (uint) Host version of iValidDsg.
GGUpdate( ) Flag Thisis a flag, but 0x55 is
GGPWIDWNS used to indicate true to avoid
Computed wrDwnSave() possible corruption on power
pute down/up cycles.
Values
iRemCapNow n/a GGinitialize( ) (int) Counts | Most recent calculation of
GGUpdate( ) @ 3.05 pVh |remaining capacity.
GGRegisterMaint( )
GGSelfDischarge( )
GGPwrDwnSave( )
iRemCapNowCmp | n/a GGUpdate( ) (int) Counts | If load and/or temperature
@ 3.05 pyVh | compensation are used for
remaining capacity, this
separate variable is required
for the most recent
calculation of compensated
remaining capacity.
iRemCapPrev n/a GGUpdate( ) (int) Counts | Calculation of remaining
@ 3.05 pVh |capacity from the previous
update.
iRemCapTemp n/a GGSelfDischarge() | (uint) Counts | Temp variable for iterative
@ 3.05 pVh |self-discharge estimate.
iSIfDsgEst n/a GGSelfDischarge() | (uint) Temp self-discharge variable.
iTempCorrection |n/a GGSelfDischarge() | (uint) Temp self-discharge variable.
fElapsedTime n/a GGUpdate( ) (float) Value in minutes, with
Minutes resolution to seconds since
power on reset detected.
4 Advanced Gas Gauge Host Firmware Flow Chart for the Tl Battery Monitor ICs
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Table 3. Typical Gas Gauge Variables (Continued)
Class Name Suggested Used In Type/Units Description/Comment
bq2019
Address
[2][3]
Computed | fElapsedTimePrev |n/a GGUpdate( ) (float) Value in minutes, with
Values Minutes resolution to seconds since
the power on reset detected
previous to fElapsedTime.
iKelvin (Host) GGinitialize( ) (uint) TMPH, TMPL in the bg2019
TMPL (bq2019) 60 GGUpdate oK contain die temperature in °K.
TMPH (bg2019) |61
iRegClIr (Host) GGUpdate( ) (uint) CLR is used to quickly clear
CLR (bg2019) 63 GGRegisterMaint() |Bits DCR, CCR, SCR, DTC, CTC
GGSeliDisch in any combination. iRegClr is
elfDischarge() used by the host to set up the
next desired clearing pattern.
iChgTime (Host) GGinitialize( ) (uint) Charge Time Counter. May
CTCL (bq2019) |65 GGUpdate( ) ?? 4096 counts | be used in GGUpdate() if no
bg2019 Gas CTCH(bq 2019) 66 P 0 per hour timer or time function is
Gauge (bg ) available in the host.
Registers  [ipsgTime (Host) GGinitialize( ) (uint) Discharge Time Counter. May
and A :
corre- DTCL (bq2019) |67 GGUpdate( ) ?? 4096 counts ?e Usedt{n G?Upga‘eﬁ ) if no
’ er hour imer or time function is
sponding | DTCH (bq2019) |68 i available in the host
iSIfDsgCntr (Host) GGinitialize( ) (uint) 1 Self Discharge Counter. Rate
SCRL (bg2019) 69 GGSelfDischarge( ) ﬁount(ggr varies automatically with
our (20 —  |temperature.
SCRH (bg2019) | 6A 30°C)
iChgCntr (Host) GGUpdate( ) (uint) Counts | Charge count register in
CCRL (bg2019) 6B @ 3.05 pVh |bg2019 increments when
voltage at the SR pin is
CCRH (bg2019) |6C positive.
iDsgCntr (Host) GGUpdate( ) (uint) Counts | Discharge count register in
DCRL (bq2019) 6D @ 3.05 pVh |bg2019 increments when
voltage at the SR pin is
DCRH (bg2019) |6E negative.

[2] Addresses are in hex. [3]Gas gauge registers are at fixed locations.

Advanced Gas Gauge Host Firmware Flow Chart for the Tl Battery Monitor ICs
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GGlnitialize( )
v

Read Mfg. Data
(Table 2)

Data
Valid?

Read Battery Design Data
(Table 2)

Calculate iTALK_LD_CNTS

v

Calculate iSTBY_LD_CNTS

v

Calculate iCYCL_CAP

v

v

Read iDsgCntrCuml

v

Read iChgTime

v

Read iDsgTime

v

Calculate iTimeSinceMaint as (iChgTime +
iDsgTime) * 60 / 4096. (Ensure no Rollover

Error)
v

| Set blnit flag = true |

v

| Set bEDYV flag = false |

v

Read iValidDsg

iValidDsg =
0x55?

Write iValidDsg = 0. (In

N Case of Power Glitch.)
Read iMaxTemp ¢
¢ | iValidDsgRam = 0x55 |
Read iLastMeasDsg l
¢ Read iDsgCntr
Read iLastRemCap ¢
l Read iCumlCorrectn
Read iRemCap |
<
-
v .
Read iEND_DSG_VLTG Return
t
6 Advanced Gas Gauge Host Firmware Flow Chart for the Tl Battery Monitor ICs
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GGUpdate( )
v

Read CCR Register
Into iChgCntr

v

Read DCR Register
Into iDsgCntr

v

Read TMP Into iKelvin

iKelvin >
iMaxTemp?

iMaxTemp =
N iKelvin
\ 4

fElapsedTimePrev = fElapsedTime

v

Read fElapsedTime From
System or Battery Monitor
Time Registers

v

| iRemCapPrev = iRemCapNow |

v

iRemCapNow = iRemCap — iDsgCntr +

iChgCntr

| iRunTime = -1 (for 1*time thru) |

v

iRemCapNow <
iRemCapPrev?

Discharging

iDsgCntr = iDsgCntr +
iRemCapPrev - iRemCapNow

v

iDsgCntrCuml = iDsgCntrCuml
+ iRemCapPrev - iRemCapNow

iDsgCntrCuml <
iCYCL_CAP?

N
Read iCycleCnt

| iCycleCnt = iCycleCnt + 1 |

iDsgCntrCuml =
iDsgCntlCuml — iCYCL_CAP

@ -
N
iTimeSinceMaint=iTimeSinceMaint +
fElapsedTime - fElapsedTimePrev

N
iRemCapNow >0?

Y iRunTime = 0

iTimeSinceMaint =
ITimeSinceMaint +
fElapsedTime -
fElapsedTimePrev

iRemCapNow
>
iRemCapPrev

+12?

Charging

iRemCapNow
<

iLastMeasDsg?

iTimeToFull=0

iTimeToFull =
[fElapsedTime —
fElapsedTimePrev] *
[iLastMeasDsg —
iRemCapNow] /
[iRemCapNow —
iRemCapPrev]

v

| iTimeToFull = -1 (for 1™ time thru) |

+ iValidDsgRam =0
iRunTime = -
[fElapsedTime — iRemCapNow A 4
fElapsedTimePrev] * =0 iRemCapNow
iRemCapNow / =iLastMeasDsg
[iRemCapPrev —
IRemCapNow]
|«
Ll
+ \ ) 4
Optionally, use iRemCapNowCmp for Temperature and/or Load A
Compensation. However, do not modify iRemCapNow.
Advanced Gas Gauge Host Firmware Flow Chart for the Tl Battery Monitor ICs 7
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GGUpdate( ) Continued

R’

| iRegClr = Ox1F |

v

| iTimeSinceMaint = 0 |

v

iTimeSinceMaint
<607

e Call | iRemCapNow = iLastMeasDsg |
a
8 GGRegMaint () +
=
2 | iCumlCorrectn = 0 |
o
=
iValidDsgRam
=0x557
iKelvin< 283 ?

v | iValidDsgRam = 0x55 |
= | iDsgCntr = 0 |
=

=
< iCumlCorrectn l
S=) > 0.1% iDsgCntrCuml = 0
= iDES_CAP ?
D
Z v
et \ 4
=" iValidDsgRam = 0 | iRemCap = iRemCapNow |
Y Write iRemCap

iRemCapNow >=
iLastMeasDsg?

Battery Write iRegCl

| iRegClr=0 |

bChgFull =
True ?

\ 4

72}
~
N
=
=3
3
=7
=
=S
o:
s
=
o:
=3
>y
<

Battery Not
Full

8 Advanced Gas Gauge Host Firmware Flow Chart for the Tl Battery Monitor ICs
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GGUpdate( ) Continued

| Get Battery Voltage From System A/D

Battery Voltage >=

iEND_DSG_VLTG -
(=
Low Voltage Depleted Capacity o
& iRemCapNow P pactty =
Y >07? -
bEDV = True ? R
Battery | iRemCapNow = 0 | =
N Normal B
Y
A
iTimeSinceMaint = 0 A
| iRegClr = Ox1F |
iRemCap = iRemCapNow |
bEDV = True
=
=
iRegClr = 0x1F =
<
~—
=
%}
iValidDsgRam = N - 1
0x55 ? A d =
v =5
iRemCap =0
| iDsgCntr = iDsgCntr + iRemCapPrev - iRemCapNow
+ »
Ll
75]
iDsgCntr :
Within +/- 10% =)
of iDES_CAP? ="
]
Correct m
- iLastMeasDsg by
+ Setting it up or =
Down 10% of (=]
| iLastMeasDsg = iDsgCntr iDES_CAP .q:a
I ] S
< | iRegClr =0 | 2
v 2
Write iLastMeasDsg o
> <
| Y
C
Advanced Gas Gauge Host Firmware Flow Chart for the Tl Battery Monitor ICs 9
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GGUpdate( ) Continued

iTalkTime = iRemCapNow * 60 /

iTALK_LOAD
=<
=
(=
=
=< v
e iStbyTime = iRemCapNow * 60 /
3 iSTBY_LOAD
A 4
iRelChgPercent = iRemCapNow /
iLastMeasDsg
=
=
©
~—
S
= v
Q it = Fals
7> Set blnit = False
5]
R
=N
A 4

Return

72}
~
N
=
=3
3
=7
=
=S
o:
s
=
o:
=3
>y
<
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GGRegisterMaint( )

| iTimeSinceMaint = 0 |

\ 4
| iRegClr = 0x1B |
=<
=
=
=
=<
=
iRemCapNow Y =
>07? B
N
v
Read SCR Register
Into iSIfDsgCntr
=
=)
ot
~—
<
iSIfDsgCntr < -
iSLF_DSG_RATE ? g
7]
<P)
St
=7
\ 4
Call GGSelfDischarge
l
d
\ 4

Return
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GGSelfDischarge( )

Set iRemCapTemp to the Smaller of iRemCapNow
or iLastMeasDsg

|

| iTempCorrection = 0

iSIfDsgCntr <
iSLF_DSG_RATE

?

| iSIfDsgEst = iRemCapTemp / 512 |

l

| iTempCorrection = iTempCorrection + iSIfDsgEst |

|

| iRemCapTemp = iRemCapTemp - iSIfDsgEst

|

| iSIfDsgCntr = iSIfDsgCntr — iSLF_DSG_RATE |

12

R

A

iSIfDsgEst = iRemCapTemp * [iSIfDsgCntr /
iSLF_DSG_RATE] /512

!

iRemCapTEmp = iRemCapTemp - iSIfDsgEst

!

iTempCorrection = iTempCorrection + iSIfDsgEst

!

iRemCapNow = iRemCapNow - iTempCorrection

|

iDsgCntr = iDsgCntr + iTempCorrection

!

iDsgCntrCuml = iDsgCntrCuml + iTempCorrection

|

iCumlCorrectn = iCumlCorrectn + iTempCorrection

!

iRegClr = iRegClr or 0x04 //SCR clear bit

Advanced Gas Gauge Host Firmware Flow Chart for the Tl Battery Monitor ICs
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GGMeasBattVitg( )

| Get Battery Voltage From System A/D

=<

Battery Voltage <= v =)
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and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its hardware products to the specifications applicable at the time of sale in
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and applications, customers should provide adequate design and operating safeguards.

Tl does not warrant or represent that any license, either express or implied, is granted under any Tl patent right,
copyright, mask work right, or other Tl intellectual property right relating to any combination, machine, or process
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Resale of Tl products or services with statements different from or beyond the parameters stated by Tl for that
product or service voids all express and any implied warranties for the associated TI product or service and
is an unfair and deceptive business practice. Tl is not responsible or liable for any such statements.
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Post Office Box 655303
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Best Practices for Designing Battery Packs for
Portable Devices

by Katherine Mack, Micro Power Electronics

Fueled by businesses and consumers alike, demand for portable products is increasing.

To address this rising demand, electronics manufacturers are leveraging faster processors,
enhanced color displays and backlighting, wireless networking, voice and multimedia capabilities
for next-generation portable devices. But the transition to highly sophisticated, power-hungry
portable electronic systems in smaller, lighter and more ergonomic packages is creating new
challenges for battery system designers.

Higher pulse currents and extreme operating environments have put a strain on the battery’s
performance capabilities. In addition, the pressure continues for smaller form factors. To
maximize worker efficiency, the battery’s design requirements include being able to last a full
workday, shift or session.

Planning for the battery system early in the design process for portable devices overcomes many
of these challenges, maximizing performance, durability, reliability and safety.

Battery pack design has become a real challenge

Design engineers know that designing a battery to its fullest potential is more challenging than
ever. They are inundated with information from various cell vendors on the Internet stating they
have the highest capacity or longest service life.

It has become crucial that battery system engineers effectively design power systems for their
portable devices. Currently, average battery life is on the order of 3 to 4 hours, much too short for
all-day usage in a corporate environment.

By effectively planning, developing and implementing smart-battery system solutions into their
portable applications, designers can extend battery life. Designing a power-management system
for mobile PC and other high-power electronics applications can be a difficult process, however,
even for the most experienced design engineer. Underestimating the complexity of the battery
system and the interrelationship between the battery circuitry and the device circuitry can lead to
setbacks during product development, or worse, the potential failure of the entire system in the
field. Battery subsystems are often not designed holistically, and therefore available power is left
“on the table” unused.

These problems indicate that many original equipment manufacturers (OEMs) are facing design
issues that they may not have the tools or internal expertise to solve when it comes to developing
high-performance battery systems. Fortunately, planning for the battery system early enough in
the design process, along with proper implementation, can maximize battery run time.

This whitepaper will direct battery system designers to best practices for designing battery
subsystems for portable devices. It will help designers not only to maximize available power but
also to help avoid problems that could deplete run-time.

Recognizing Critical Performance Factors

Batteries for portable devices are used in many ways, and their performance often hinges on
operating conditions. For these reasons, it is important to first understand the factors that affect
battery performance before establishing best-practice guidelines.
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Micro Power Electronics

When designing a smart-battery system that can offer optimal performance characteristics in the
target application, engineers must approach the problem holistically. This holistic approach calls
for a complete front-to-back development process, one that emphasizes early design
characterization, optimization and validation. This tactic will create a higher likelihood that the
battery solution will provide the maximum power, reliability and safety for field-service
applications.

The first critical performance factor to consider is battery aging. The fresher and more fully
charged the battery cell, the lower its impedance. Manufacturers rate their cells at their optimum
freshness, of course, but this rarely reflects real-world usage profiles. After 100 cycles, for
example, impedance can double, a problem that will bring down the entire voltage curve of the
pack. The result is that, in some cases, run time will drop by up to 7 percent.

=<
o 4.5
2 |
§ Initial run time
[ 4
=) > |
g 3; T \l\
> Run-time after Tl
100 cycles \
2X impedance 7% shorter
3 increase  —  run-time
0 0.5 1 15 2
Time, hrs
The second critical performance factor is battery temperature. Most cells are rated at 20 degrees
g C, or room temperature. Any deviation from this ambient will impair battery performance, either in
= run time per cycle or in cycle life. In the case of Lithium-ion (Li-ion) chemistry, a higher ambient
8 temperature, such as 45°C, will actually improve per-cycle run time due to lower impedance;
= however, cycle life will suffer. Conversely, lower temperatures will shorten run time per cycle. An
L operating temperature variation of 40°C, from 0°C to +45°C, will result in a 65 percent capacity
e variation.
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A third critical performance factor is discharge current. Nickel-based chemistries such as nickel
cadmium (Ni-Cd) and nickel metal hydride (Ni-MH), and rechargeable lithium chemistries such as
Li-lon and lithium polymer (Li-polymer) are all rated at C/5, which is the cell manufacturer’s rated
capacity divided by five hours, or at a five-hour discharge rate. This gives a baseline of
comparison. However, no mobile PC application is ever used at a constant C/5 discharge rate at
20°C. Users may go from controlled office environments into the summer heat or winter cold and
then back again. They may send e-mails that cause high pulse currents. Their laptop may be in
sleep mode. Whether or not a pulse current or constant discharge current is in use will determine
the internal heating of the pack and will cause differences in long-term cycle-life performance.
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A fourth critical performance factor is cutoff voltage in the operating system. Cell manufacturers
rate their cells based on specific cutoff voltages. If the cutoff voltage is higher than specified, per-
cycle run time will be shorter, and depending on the discharge current, the user may lose up to 25
percent of available capacity. Conversely, if the cutoff voltage is too low, this will shorten cycle

life.
Li-ion Battery

4.0

0.5C

34 i
Set Cut-off 1c \

3.0 ]
25% 15% i

unused unused § ]|

capacity capacity;

Cell Voltage
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Best Practices: Create a real-world operating profile

The first step in maximizing battery performance is to create a real-world operating profile for the
user equipment. Defining how the battery is going to be used, in what circumstances, and in what
temperatures, are keys to designing a performance-maximized battery system. By answering
questions about minimum operating time needed, various current loads, different voltage levels,
interior operating temperatures, and battery-pack location in the unit, you can narrow the best
solution for the end-product.

Understanding the usage profile is critical in determining what cell to use. The usage profile will
indicate the optimum quantity and type of cells. Because battery cells have different impedance
levels, current demands may exclude some types of cells from consideration. The designer can
then further narrow the cell options, based on size and weight constraints.

Presentation

The frequency and method of pack charging can greatly influence the available capacity and
cycle life of the pack. Many cell manufacturers place more restrictions on the charging of their
cells than on the discharging of them.

Once the operating parameters have been defined, weak options can be eliminated. At this point,
the designer can nominate the best battery system at a theoretical level, establishing an
operating window. Then, the theory can be tested and validated to ensure that the selection was
correct.

Best Practices: Cell Selection

The biggest payoff in battery design is matching the right cell, the right chemistry, and the right
manufacturer with the operating profile of the cell. In mobile PC applications, with voltages
generally required above 3-V operating, and with critical portability and weight thresholds,
designers typically prefer rechargeable Li-ion chemistries. Li-ion offers operating voltages
generally from 3 V to 4.2 V per cell, cell capacities from 130 mAh to 5.6 Ah (at C/5), and cycle life
in the 500 range (down to 80 percent of rated capacity).

With nominal operating voltages ranging from 3.6 V to 3.8 V, only one rechargeable lithium
chemistry cell is required for a 3-V operating system. In contrast, yesterday’s nickel-based
technologies, which operate at 1.2 V, required three cells for a 3-V operating system. Today,
some rechargeable lithium technologies offer improved energy densities of greater than 500 Wh/I,
and can handle 1C (1 times the rated capacity) continuous discharge rates.
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All that dense power can be an unstable mix. Li-ion can be very volatile on overcharge, and
because of its volatility, a safety circuit must be added to prevent the battery from exceeding
4.25V per cell. This differs from Ni-MH batteries, which are exothermic in nature and where
heating is the danger. Ni-MH packs must include devices that prevent over-heating, and/or
devices that prevent over-currents that can cause over-heating.

Workbook

Cell matching must be considered in creating a battery pack, as the closer the cells are matched,
the better the pack will perform. Batteries operate on a weakest-link model: The weakest cell will
drag down an entire pack’s performance. For this reason, nickel-based technologies should not
exceed 10 cells in series, and rechargeable lithium should not exceed four cells in series.

Advancements in Li-ion have overtaken Li-polymer in energy density, not only volumetrically (in
Watt hours per liter) but gravimetrically (Watt hours per kilogram). Unless the mobile PC
application absolutely calls for 3.5-mm thinness or less, Li-ion should be strongly considered.

Cells come in two form factors: cylindrical and prismatic. The most popular cell size, where most
cell manufacturers have concentrated their development efforts, is in the 18650 sizes of
cylindrical cells. These cells are 18-mm diameter by 65-mm long. This cell size not only offers the
highest gravimetric and volumetric energy density, but also provides the most cost-effective
solution. However, if the mobile PC being designed cannot tolerate an 18mm cell due to
thickness, prismatic cells offer several options. Advancements have increased volumetric
efficiency in these cells, and their intrinsically thin profile makes them attractive for ergonomic
applications.

Presentation

In addition to examining different cell chemistries, each chemistry also offers a variety of sub-
types or “recipes,” each of which provides varied performance characteristics. In Li-ion, for
example, there are three main chemistry sub-types: LiCo02/Graphite (Cobalt/Graphite), Li-
Mn204/Graphite (Manganese/Graphite), and LiCo02/Coke (Hard Carbon).

Cobalt/Graphite has a flat discharge curve and has enjoyed the most attention by cell
manufacturers with regard to increasing cell capacity. Manganese/Graphite is intrinsically the
safest chemistry. In one-cell applications, no safety circuit is needed; only a one-shot thermal
fuse and current interrupt device is necessary. Manganese/Graphite also offers a higher
operating voltage than the other two types, which yields better performance for high-power
applications, and can take a 2C discharge. Hard Carbon has a sloping discharge curve, which
has the advantage of being able to accurately gauge fuel supply using an inexpensive voltage-
based system; however, because of its sloping curve, performance during the discharge cycle will
be uneven.
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Best Practices: Cell Manufacturer

Available battery capacity depends on operating temperature and discharge current. Keep in
mind that battery manufacturers rate their cells at an “ideal” performance level of standard C/5
constant current at 20 degrees C. It is also important to note that some manufacturers rate their
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cells on typical performance, while some rate their cells based on nominal or minimum
performance. The designer should always use nominal or minimum performance, never typical,
when selecting cells, as this level is where cell manufacturers can guarantee performance. The
exposure of the battery system to high temperatures or high discharge rates will impair its
capacity and service life.

The number of cell manufacturers available on the market today presents a broad yet confusing
number of choices. Look for product consistency and quality to ensure dependable battery-pack
performance. Test to validate cell manufacturers’ performance claims. In addition, compare
packaging dimensions (tolerance specifications), since manufacturers’ claims may differ from
actual specifications.

Process consistency, or a cell manufacturer’s ability to repeatedly make the same high-quality
cells, is extremely important for multi-cell battery packs. Quality cell manufacturers will use
automated processes, with clean production areas, resulting in good lot-to-lot cell matching. As a
rule, the more human touch-points batteries are exposed to during manufacturing, the greater the
possibility for lot-to-lot variances. In turn, poorly matched cells can lead to batteries with lower
overall run times.

Workbook

Best Practices: Cell and Pack Verification

Once the cell manufacturer’s specification has been validated, the next step is to test various cell
manufacturers against one another. You should test using the portable product’'s usage profile,
first at the cell level and then at the pack level.

Although the baseline at C/5 performance at 20°C has now been validated, testing is not
complete. Because the recipes and processes used by each cell manufacturer are unique, each
cell will perform differently at various temperatures and discharge loads. In addition, single cells
will perform better than they will in pack form. Testing different manufacturers’ cells in the
specified configuration is essential for predicting user outcomes.

The graphs below show an actual comparison between two similarly rated packs for a defibrillator
application at 0°C. It should be noted that both Battery A and Battery B performed equally well at
40°C and at 20°C.

Presentation
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Pack B failed after 16 defibrillations because of the voltage depression that happened during use
due to the cold.

Obviously, then, the designer should test the cells and battery pack both at room temperature and
at anticipated operating temperatures, as well as at expected loads. By validating the battery
system against the specifications set by the application at each stage of the design process, the
designer will be able to ensure that the battery system will perform as expected. This early
involvement helps to certify that the battery system has been optimized to deliver the maximum
runtime, reliability and manufacturability.
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Best Practices: Pack Manufacturing for Safety and Durability

In today’s competitive marketplace, however, it is no longer enough to have the most exceptional
design created from advanced characterization and validation procedures. Modern smart battery
systems must also be cost-effective and easy to build. Designers should adhere to design-for-
manufacturability principles. Work closely with the manufacturing staff beginning early in the
development process to ensure that the battery systems will be easy and cost-effective to
manufacture and test.

The need for smaller battery systems is making design for manufacturability increasingly
important. As form factors shrink, design and manufacturing challenges grow. Due to diminishing
real estate in portable applications, it has become even more difficult to fit the required
components into the available space. As component congestion increases, so too does the risk
for accidentally pinching or shorting wires and contacts.

The physical layout of the components also becomes important in battery systems. A poor layout
can complicate the assembly process or create hot spots inside the pack. Although venting is less
crucial with Li-ion than with Ni-MH, ensuring that heating is even throughout the pack enables
safety devices to trip when appropriate.

Workbook

Furthermore, the designer must work carefully to ensure that vital contacts are not placed too
closely together. Inappropriately close contacts can short if the battery system is dropped or
subjected to vibration. The designer also must ensure that contacts are recessed, to prevent
external short circuits.

Another design challenge associated with smaller battery systems is the mechanical fit. With
smaller tolerances, the contact points, energy director (for ultrasonic welding) and locking
mechanism must be designed and manufactured with greater precision and care. Smaller packs
usually use thin-walled plastic (.060” thick) that can be difficult to ultrasonically weld without
cracking and must be tested to ensure adherence to drop-test requirements.

Soldering, resistance welding and ultrasonic welding also can be challenging processes. It takes
many years of experience to be able to create high-quality joints consistently. Poor solder and
weld joints are the greatest source of industry defects. Without effective training, controlled
processes, high-quality equipment and rigorous inspection procedures, it is possible to create
weak weld and solder joints that may not be discovered until the portable unit is in the field and
something goes wrong.

Presentation

Major causes of battery-pack field defects are cold, fractured or missing solder joints, which can
create an electrical connection that manages to pass a functional test, but breaks in the field due
to vibration or heat. Occasionally, failures are intermittent, making the problem more difficult to
diagnose.

Solder balls, which are tiny drops of solder that remain in the battery system after production due
to careless soldering procedures, are also a source of defects. When vibration or thermal stress
causes these conductive balls to break free inside the battery system, they can short and damage
the battery system.

Resistance welding is particularly difficult to master with Li-ion chemistries. Because they have
thinner outer walls, Li-ion cells are more delicate than Ni-MH and Ni-Cd cells, and the welding
process must be commensurately more precise and consistent. If excessive energy is applied
during the welding process, the heat burns a hole in the cell wall, thus destroying it. If there is too
little energy, a weak joint is created. Resistance welding must be done in a unique window of pull
strength, and the industry standard is 2 kilograms (Kg) (1 weld hit) to 3-Kg (2 weld hit) minimum.
Additionally, Li-ion can be less forgiving than other cell chemistries. For example, Ni-based cells,
with their thicker cans, can usually sustain multiple welding attempts, while Li-ion will not.
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Soldering and welding not only are core processes, but they also are critical success factors in
the development of a reliable battery system. To ensure consistent, high-quality welds, it is
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important to use only state-of-the-art, computer-controlled welding equipment; perform window
studies on every cell; use statistical process-control methods; and perform rigorous pull tests to
ensure the highest levels of reliability.

Another design method to achieve higher system reliability and greater manufacturing efficiency
is to minimize the number of components used in the battery system by leveraging common
components whenever possible. It is important that designers look for opportunities to leverage
existing modules, or building blocks, to reduce development time and cut costs.

The development of leading-edge battery technologies does present several design challenges.
Because Li-ion and Li-polymer technologies can be hazardous when over-stressed, extra caution
must be taken during the design process to ensure that the cells are being utilized in a manner
appropriate to their technology. Voltages must be kept between strict operating ranges.

Additionally, the use of a safety circuit, separate in function and purpose from any fuel-gauging =<
capability within the battery pack, should be utilized to protect the pack from external stressors, 8
such as overcharging, over-discharging, short-circuiting and excessively high or low operating =
temperatures. The illustration below is a typical example of recommended operating voltage f
range for proper lithium ion and lithium polymer safety circuit: =
Battery Pack B
Heep Out Region 43V
42v
Charge .
ol Safety Region used
Cireults | the unit |Charger
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I v =
Overdischarge Regiol e 23v (=)
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The introduction of complex printed circuit assemblies (PCAs) within a battery pack introduces a 1
number of considerations to be addressed during the design and assembly of a smart battery S:

system. Because most battery packs are encased in plastic that requires ultra-sonic welding
(USW), the PCA may be damaged during the assembly process. The importance of proper PCA
location and securing within the battery system cannot be overstated.

The PCA’s physical configuration and method of connectivity to the rest of the battery system
directly influences the reliability, quality and cost-effectiveness of the battery system. Mistakes
made by the less-experienced design engineer in this area are among the most common and
expensive in the development of battery systems. For example, high current and temperature
extremes can cause internal heating within the pack and the pack’s electronics. Even though cells
may be specified at 1C discharge currents, large packs—for example, three or more cells in
parallel—constantly drained at this level may experience internal heating of 15°C to 20°C above
ambient. This can harm the battery system’s electronics, damaging key components, destroying
traces on the circuit board, melting the wires, or degrading the performance of the safety circuitry,
battery management electronics and system communications.

Best Practices: Smart Battery System Components

Smart battery systems, or battery systems that can communicate back to the host, are the
preferred choice in mission-critical applications such as portable devices. A smart battery pack
has the ability to monitor its status, accurately predict its remaining run time, and communicate its
operational status to the host device. These features allow the end-user to intelligently manage a
device’s use and avoid unexpected failures or shutdowns.
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A smart battery pack, when programmed to the end-user's unique discharge profile or
characteristics, will be better able to deliver a much higher percentage of available power over the
operational lifetime of the battery pack. A smart battery pack also can give some feedback on its
usage history, which is convenient for traceability and warranty issues.

Only a smart battery system can meet all the requirements of today’s portable electronic devices
by providing a solution that promises high-performance, maximum durability, long-term reliability
and safety.

Smart batteries generally contain a communication device which might count the number of
charge and discharge cycles for warranty purposes fuel gauge remaining run time per cycle and
battery state of health.

Fuel gauging can be done in several ways. The two most common methods are voltage-based
via one-wire protocol and coulomb counting via two-wire protocol.

Voltage-based fuel gauging is the simplest and least expensive to perform. It relies on the
periodic voltage measurements of the battery pack, and works best on a cell technology with a
sloping discharge curve. This method has its limitations, however, since it only estimates relative
capacity and only gives capacity information outside of product use.

Workbook

The one-wire method (also known as DQ or HDQ) can determine battery capacity by monitoring
the amount of current input to, or removed from, a rechargeable battery. The IC monitors a
voltage drop across a sense resistor connected in series between the negative battery terminal
and ground in order to determine the charge and discharge activity of the battery.

Two-wire, or coulomb counting, is the most accurate method, and allows absolute capacity
estimation while %iving capacity information during use. The most common protocols for the two-
wire method are 1°C and SMBus.

While fuel gauging can make the end-user’s life easier, poor fuel-gauge accuracy can limit the
performance of the battery system. If temperature, discharge rate and age of the battery are not
compensated for, an inaccurate fuel gauge can leave up to 30 percent of available battery
capacity unused. Poor accuracy of the fuel gauge may also cause inefficient charging. If the
battery is left undercharged or if it overcharges, run time or service life can be shortened.
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The ICs must also be calibrated to ensure that they are functioning and communicating properly
with the battery pack. Finally, once the battery pack is assembled, a “learn cycle” must be
completed so that the battery will remember where “empty” and “full” are, so that the fuel gauge
will be set correctly.
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Conclusion

Today’s sophisticated portable electronic systems have created new challenges for battery
system designers. A good design will take into consideration numerous best practices,
particularly those related to power needs, safety and accuracy.

The choice of battery chemistry is critical for performance, reliability and cost issues. For these
reasons, more designers are turning to advanced formulations, such as Li-ion and Li-polymer.
These chemistries deliver high energy densities and competitive cost-per-output for their weight.
Chemistry choice and circuitry are defined further by characterizing and validating cells to fit their
usage profile.

Advanced battery chemistries demand extra attention for safety considerations. Voltages must be
kept within strict operating limits. Safety circuits are mandatory to protect against hazards caused
by external stresses. Placement of PCAs is more critical safety issue in smart battery systems as
well.

Additionally, smart battery systems require extra attention to highly accurate fuel gauging.
Inaccurate fuel gauges may fail to optimize all of a cell's available power, as well as cause
inefficient charging.

Workbook

By recognizing and considering these design challenges, battery system designers can avoid or
minimize problems early on, and they can maximize performance, durability, reliability and safety.

Further information about battery chemistries, components and smart battery manufacturing
techniques is available at the Micro Power web site, www.micro-power.com, or by contacting
Micro Power directly at experts@micro-power.com or 1-800-576-6177.
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Purpose

The purpose of this application report is to explore the thermal considerations in using linear
regulators. When finished, the reader will understand the following:

e Why thermal considerations are important for every linear regulator design
e The thermal equations governing a linear regulator

e How to evaluate/choose linear regulators for a design

In addition, this document provides a summary of approach and equations in Chapter 6. This
chapter is designed as a one page reference for the reader.

2 The Basics

The first considerations for choosing a linear regulator are input voltage (V)), output voltage (Vo),
and output current (Ig). These are necessary for selecting the appropriate linear regulator for an
application. Other very necessary, although often over looked, considerations in linear regulator
selection are the application specific thermal considerations. These thermal considerations are
the topic of this application report.

For a short review on the theory of operation, a linear regulator has a pass element that is
managed by the controller portion of the IC. The controller monitors the feedback and either
opens or restricts the pass element to maintain a constant output voltage over variation in the
input voltage and the output current required by the load. A helpful analogy is to think of the
control portion of the regulator as a lamp dimmer switch or potentiometer.

Where altering a dimmer switch varies the amount of light, a linear regulator alters the pass
element to maintain a constant output voltage. We know that Ohm’s law states V=[x R. If a
linear regulator maintains a constant output voltage (V) over varying input voltage and output
current into the load, it follows that R is what is being controlled by the regulator. So that is how
we maintain the output voltage, but where does the heat come from?

The difference between the input voltage and output voltage with a fixed load current is energy
that is dissipated by the linear regulator. Nearly all of this energy is converted to heat. How to
calculate and manage this heat is the topic of this application report.

Digital Designer’s Guide to Linear Voltage Regulators and Thermal Management
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3  Power Dissipation in the Linear Regulator

To help us understand the power dissipation requirements at a high level, we use the
potentiometer model shown in Figure 1.

Pass Element |

r
|
|
Viand |} >Ii %
| VREF
|
|
|
|
[

Voandlg

|
Feedback I RL
| REFI Element | L
L ’7 Error Amp ‘ T | -
|

Feedback Voltage

Linear Regulator
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Figure 1. Potentiometer Model of a Linear Regulator

While regulating, the pass element is always on in a linear regulator. Using the potentiometer
model as a guide and remembering Kirchoff’s current law, we can see how the input current
must be equal to the output current. Armed with that knowledge, we can look at power and
power dissipation in our system.

Since our system must observe physics and the conservation of energy, we can use our
knowledge of V|, Vo, and current to identify how power is distributed in our model. We start with
the power placed into our system:

Pr=lxV (1)
Following the same thought process, the power delivered to the load is:

Po=Ipx Vo (2)

Presentation

Now, looking back at Figure 1 we remember that || roughly equals Ig. The difference between P)
and Pg is the power that is burned or dissipated by the regulator. The quantity of dissipated
power (Pp) can be extracted by the following equation:

Pp=P-Po ©) z

S

Pp is almost entirely heat dissipated by the linear regulator thus Pp is precisely what we are a
concerned with thermally when selecting a package. If we use equation 3 to arrive at a )
maximum Pp for an application, we refer to that variable as Pp(max)- Making this distinction =7
becomes useful in later equations. g
Before moving on, we should take a moment to look at equation 3 in slightly more detail. 'g
Equation 3 can be rewritten from before as: Q
—

Pl=Po+P ) S

| (0] D o

In most applications, the approximation of assuming || = Ig is sufficient for thermal calculations. <

The model we have used up to now has ignored the quiescent current of the linear regulator. If
we add the quiescent power (Pq) required by the linear regulator, equation 4 changes to:

Pl=Po+Pp+Pq ®)

Digital Designer’s Guide to Linear Voltage Regulators and Thermal Management 3
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Pq is derived by multiplying the input voltage by the quiescent current of the regulator.
Thermally, Pq is usually insignificant, as it is orders of magnitude smaller than the output
current. For example, the TPS789xx series of 100 mA (or 0.1 A) low dropout regulators (LDO)
has a typical Iq of 17 pA (or 0.000017 A). In an example where the TPS78925 is used with V| =
3.3V,Vp =25V, and Ig =100 mA we can see how Pq (56 uW) is substantially smaller than Pp
(80 mW). Thus, out of practicality and for simplicity we examine the thermal considerations for
linear regulators based on equation 4 ignoring quiescent current.

Quiescent current can have a significant impact on efficiency in power sensitive applications.
This is covered briefly in Other Useful Iltems (Chapter 8) and in more detail in the Efficiency
portion of Tl application reports SLVA079 — Understanding the Terms and Definitions of Low-
Dropout Voltage Regulators and SLVA072 — Technical Review of Low Dropout Voltage
Regulator Operation and Performance, as listed in Appendix B.

Workbook

Another topic that warrants a brief commentary is steady state verses transient or pulsed current
demand of a load from its power supply. In many applications, an LDO supplies both
steady-state and pulsed load current. A given design may have low duty cycle load transient
currents in addition to the steady-state load. The current transients can approach the internal
fixed current limit of the LDO, which is normally between 2 and 4 times the continuous current
rating of the device. However, if we have an excessive junction temperature rise, thermal
shutdown is activated. The thermal shutdown junction temperature typically occurs at 150°C.
Whether the thermal design is based upon the average load current or designed to handle the
maximum peak current depends upon the duration and frequency of occurrence of the load
transient. In either case we are safe if we do not exceed the absolute maximum junction
temperature rating of the device.

Presentation

Returning to Pp, the power ratings of LDOs are normally based upon steady state operating
conditions. Steady-state conditions between junction and case are typically achieved in less
than 10 seconds where several minutes may be required to achieve steady-state junction to
ambient. Transient thermal impedance illustrates the thermal response to a step change in
power. This information is provided for discrete power devices and normally not for integrated
circuits. The transient thermal response is a function of die size, die attach, and package. We
limit the scope of our discussion to steady-state thermal resistance.

By utilizing the thermal equations that follow in Chapter 4, we ensure that the junction
temperature of our linear regulator remains within acceptable limits. A semiconductor’s long
term reliability is affected by its operating junction temperature; therefore, it is important to
maintain a junction temperature that falls below the manufacturers absolute maximum operating
junction temperature. This restriction limits the device’s power dissipation capability. To do this,
we need to calculate the maximum allowable dissipation, PD(max): and the actual dissipation, Pp,
which must be less than or equal to Pp(max). How to make these calculations is what we explore
next.
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Factors which influence thermal performance include PCB design, component placement,
interaction with other components on the board, airflow, and altitude. There is no substitute for a
system level thermal analysis to ensure a successful design.
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4  Thermal Equations—Will My Part Work?

With an understanding of Pp, now we can examine the thermal considerations Pp generates.
The following equation links Pp to the thermal specifications for a linear regulator:

Pp = (Ty - Ta)/64a (6)
Where

0ya = theta ja (junction to ambient) — °C/W

Ty = junction temperature rating — °C

Ta = ambient temperature — °C

Pp = power dissipated in watts — W

Equation 6 enables us to relate power dissipation with the thermal characteristics of the
die/package combination and ambient temperature. It is useful to manipulate equation 6 to:

0ga = (Ty—Ta)Pp (7)

Equation 7 is useful as Ty, Ta, and Pp(max) (see equation 3) are often known quantities in an
application. By using these three known values, equation 7 will tell us what value of 64 is
necessary in order to have enough thermal conductance or thermal dissipation capability for our
linear regulator in a particular application. Having the appropriate thermal conductance ensures
that the PD(ma)S does not exceed the Pp that the linear regulator is capable of supporting.
Exceeding the Pp that the regulator can support creates extreme junction temperatures which in
turn impact the reliability of the design. For the remainder of this application note, if we use
PD(max) in equation 7 to determine a maximum 64 for an application, we are referring to it as
BJA(max)-

In looking at equation 7, 6, decreases with an increase in Tp or Pp. It follows that the lower 645
is from equation 7, the more challenging the thermal requirements. Additionally, the lower a 645
is specified in a data sheet, the better thermal conductance a device exhibits.

Workbook

Presentation

Most vendors specify 65 in a linear regulator data sheet as the thermal specification. At Tl, this
was the case until recently and is still the case for higher power, higher output current linear
regulators. To make regulator selection easier, Tl has moved to a different way of representing
the same information. As an example, data sheet examples have been provided below. (NOTE:
xx is the voltage option. For example: TPS77618 is the 1.8 V option in the family). Figure 2 and
Figure 3 show power dissipation ratings based on package, airflow, ambient temperature, and in
the case of the PowerPAD™ package, copper area underneath the device. In this case, instead
of looking for a 6, we can simply compare Pp(max) from equation 3 to these tables so long as
we cross-reference the appropriate package, ambient temperature, copper area, and airflow.
Figure 4 is from page 13, of the REG103 data sheet. It demonstrates how drastically factors
such as airflow or copper area, as in this case, can alter the thermal properties of a linear
regulator.

75]
N
P
=
=5
]
==
=
=]
.;
<
>
:
=2
=¥
<

PowerPAD is a trademark of Texas Instruments.
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SLVA118
absolute maximum ratings over operating free-air temperature range (unless otherwise notedjt
Input voltage range (see Mote 1) . . . =03Vio 10V
Voltage range at EN : - Faai —U3UtoV|+03V
Voltage on OUT, FB ... .. ... A A A A R A S e S RS R L 1 TV
Peak output current RO e el R RN CR Internaily limited
ESDrating, HBM .......... R I T R A B
Continuous total power d:ssnuallon See Dlsslpauon Rahng Tables
Opearating virtual junction fempearature range, TJ Haatet d B E T L e e P A . —40°C to 150°C
Storage temperature range, Tg,, gg ceeeees - . —65°C to 150°C
T Siresses beyond thosa istad undar “absolute maximium ratings” may cause parmanant demage to the devica. Thess are stress ratings only, and
functional operation of the device al 1hesa or any other conditions beyend those indicated under “recommended cperating condilions” is nal
impliad. Exposure o absolube-maxin rated condiions lor extended periods may affect devios reliabilty.
NOTE 1: All voliage valuss are wilh respact 1o network ground 1enmins m table
DISSIPATION RATING TABLE /
e Ta=25°C DERATING FACTOR T = T0°C Ta = B5°C
POWER RATING  ABOVE T, =25°C  POWER RATING POWER RATING
Recommanded pav 50 MW 15 mWG 192 miW 140 mw
Maximum pav 437 MW 1.5mWrC 280 mW 227 MW
recommended operating conditions
MIN  NOM  MAX | uNIT
Inpuit vokage, V)T T 10 W
Continupus ouiput cuman. Ip [ 150 mh
= rating junchon ismparatrs, T A0 125 T
T To calculabe the minimum input vokage Tor your maximuem ouipul curent. e the Iowing equation - oo -
Viyrnin) = VO(max) * VDO (max load) Tl SPECIfICCItICII’I
Figure 2. Power Dissipation Table From the TPS763xx Data Sheet (April 00)
6 Digital Designer’s Guide to Linear Voltage Regulators and Thermal Management
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DISSIPATION RATING TABLE 1 - FREE-AIR TEMPERATURES

PACKAGE AIR FLOW Ta <25°C DERATING FACTOR Ta=70°C Ta=85C
(CFM) POWER RATING ABOVE Ta=25'C POWER RATING POWER RATING
o [ SE8 18 mwW 56818 mWrC J2.5mW 22T AT mW
250 04,15 mW B8.0415 mWrFC 4087 28 mW 361 .68 mW
DISSIPATION RATING TABLE 2 - FREE-AIR TEMPERATURES
PACKAGE AIR FLOW Ta <25°C DERATING FACTOR Ta=70°C Ta =85C
(CFM) POWER RATING ABOVE Tp=25'C POWER RATING POWER RATING
i 9w 23.5 mWiFC 19W 16W
[i : 2 ’ -| m G ! e
300 43W 348 mWIrC 2BW 22W (==}
Ewell [ Iw 238 mWrC 189w 15W =
300 T2W 579 mWrC 48 W 1.8W §
#This paramater is measured wigh the recommendad capper haat sink pattem an a 1-layer PCB. 5-in » 5-in PCB. 1 az. coppar [
2in % 2-in coverage {4 in2) =)
| This parameter is measurad with'jie recommended copper heat sink patiern on a B-layer PCE. 1.5-inx 2-in PCH, 1.0z copper
with layers 1,2, 4.5, 7, and 8 at 5%poverage (0.9in2) and layers 3 and 6 at 100% covarage (B in?). For more informatian, refer B
to T technical brief SLMADDZ
. _Nota: different Pdmay with different copper & airflow!
recommended operating conditions
MIN  MAX | UNIT
Input valiage, Vik 27 10 W
Dutput voltage range., Vo 1.2 5.5
Clutput current, Iy (Note 1) [ 1.0 A
Dperating virlual junction temperature, Ty (Note 1) 40 125 Cc
* Ta calculate the minimum input voltage for your maximumm cutput cufrent. use the following equation: Vimin) = VO{max) + VDO(max load)
MOTE 1. Conlinuous currenl and operating junclion lemperature mited by internal peotection circuitry, but it is not recommendesd that the :
device operate under conditions beyond those spacified in (his lable for extended pariods of time. =)
o
e
Figure 3. Power Dissipation Table From the TPS768xx Data Sheet (July 99) 8
=
L
THERMAL RESISTANCE 8
Vs P
= PCB COPPER AREA =
% 180 T T T Circuit-Board Copper Area
< 160 REG103 E
< Surface-Mount Package | | _ _ __ __ __ __ __ __
o 140 \ 1 0z. Copper r 1
d|> 120 \ | r—— a |
g 100 \ | | r 1 | |
s |11 NN
80
9 N\ |
@ \ [ [
o 60 ~ L1l Ll
< 40 RERERRG
E 30 REG103
2 0 S0T-223 Surface-Mount Package
0 1 2 3 4 5

Copper Area (inches2)

Figure 4. Thermal Resistance vs PCB Area for 5 Leaded SOT223

Depending on the data sheet, either 8 jamax) ©f PD(max) can be used as a reference to determine
which package meets the thermal requirements in an application. If the 65 on the data sheet is
lower than the calculated 6 (max) from equation 7 or Ppimax) from equation 3 is lower than the
power dissipation tables provided, then our linear regulator is appropriate for the thermal
requirements of an application. If we do not meet these criterions we must take additional steps
to accommodate the thermal dissipation required by the application. Failure to do so potentially
impacts the reliability of the design.
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5

Thermal Equations—What to Do if My Part Does not Work?

In situations where a device or package is thermally insufficient, the first step is to look at other
package options. This is one significant reason why vendors often offer linear regulators in
multiple package options and why the smallest package is not always the appropriate choice. It
is also possible that, if the original device does not have an appropriate package option, an
engineer needs to look at a linear regulator with higher output current than is required by the
application to obtain the necessary 6 to ensure reliable operation. Linear regulators with higher
output current generally have a larger die and come in larger, more thermally efficient,

packages. Both of these items lead to better, lower 6 p or higher Pp(max), ratings. The following
figure shows a list of packages relative to thermal efficiency.

<
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& S o &P o ¢
@ P & 2 P > _° P id > g &
‘,\\Qa 5)0‘2 Y C)\U © « g
) 9 & )

D,
S

%

s

N
av
<& <O

Suffix DCK DBV YEA/YZA | DGK PW D DGK D DCQ GQE PW KTP | KTE/KTG| KC

6gA (°C/W) [314-478 | 9.00 154-330 | 160-235 148-172 97-178 | 58-83 55 53-175 48 42-48 | 28-65 23-38 22-58

Area (mmsq) | 4.94 9.00 0.81-3.20 | 15.18 | 33.96-43.95 | 31.00 | 15.18 | 31.00 | 47.55 | 10.24 | 52.14 | 59.72 | 101.58 | 196.54

Numbers assume no airflow. Ranges are due to variation in die size, variation in the maximum specified
Ty, and assumptions on copper beneath the part. Area includes lead dimensions.

JURCIL N N =1

6,4 for a package varies between different parts and different vendors. Variables that affect 65
include the copper properties of a board, the number of layers of a board, the airflow over a
board, and whether a high K or low K model was used (see Tl application note SCAA022A —
K—Factor Test Board Design Impact on Thermal Impedance Measurements), etc. Figure 5 is an

estimate for comparison purposes only. Always consult the data sheet to obtain 64 or Pp(max)
for a given device and package option.

Figure 5. Thermal and Area Comparison of Packages
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There is some overlap and minor variation in packages depending on pin count and die size, but
Figure 5 is a starting point for comparison of common packages. Also included in the listis TI's
patented PowerPAD™ packaging technology. PowerPAD footprints and dimensions remain
standard while the exposed thermal pad greatly enhances the thermal capabilities of the
PowerPAD MSOP, TSSOP, and SOIC packages. For more information about PowerPAD, see Tl
application brief SLMA004, PowerPAD Made Easy, and/or application note SLMA002,
PowerPAD Thermally Enhanced Package. Both of these documents are listed in Appendix B.

Where thermal considerations are challenging, another approach is to look at a switching
regulator. Often, the additional efficiency that can be possible with a switching design can
alleviate thermal issues faced when using a linear regulator approach. There are many
considerations in migrating from a linear to a switching design that are beyond the scope of this
application report.

Workbook

Continuing with linear regulators, if by using equation 7 we arrive at a 65 that indicates that we
have no package options to meet the thermal dissipation, the addition of a heatsink is an
alternative. While often a last resort, a heatsink adds thermal mass that improves the thermal
conductivity of a regulator. This effectively lowers 6 of the system and enables the linear
regulator to dissipate a higher Ppmax)- A helpful analogy is to think of our thermal system in
terms of resistance as shown in Figure 6.
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Figure 6. Steady State Thermal Equivalent Model
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10

In this example, we are referring to:
0ya = theta JA (junction to ambient) — °C/W
8yc = theta JC (junction to case) — °C/W
0cs = theta CS (case to heatsink) — °C/W
0ga = theta SA (heatsink to ambient) — °C/W

NOTE: 6cg is the thermal interface between the device case and the sink whether it is air,
PCB/solder, or any other kind of heatsink.

Our simplified steady state heat transfer model is analogous to Ohm’s law. Power dissipation is
analogous to current, 6 is analogous to electrical resistance, and ambient temperature is
analogous to ground potential or our reference point. We have used 65 up to now as we were
depending on the package for a complete thermal system from junction to ambient. Since a
heatsink has been added, it is necessary to break the system down into more granular
components.

Adding a heatsink achieves a system 6 junction to ambient low enough to meet the system
thermal requirements. A heatsink accomplishes this by offering a better thermal interface to air
versus the package alone. Thus, we require the following to be met:

BJA(max) = 0Jc + Bcs + OsA (8)

Where 6ja(max) is the max acceptable thermal rating that meets the system requirements. This
equation can be manipulated to:

0sA < 8A(max) — 0Jc — Ocs )

If we refer back to equation 7, we can substitute (T — Ta)/Pp for 6y to obtain a 6ja(max) and
arrive at:

0sa < [(Ty — Ta)/Pp(max)l — 8uc — Ocs (10)
Equation 10 gives the designer one equation of what are normally known variables and yields
the maximum allowable value for a heatsink in an application.

The value of 8cg depends upon the interface material and device mounting. In the case of a
PowerPAD or a TO-263 package where the exposed pad is soldered directly to the bare
printed-circuit board copper, 6cg is essentially 0°C/W. For a TO-220 package, which is mounted
to a heatsink with a bolt or clip, a thermal interface material is used to fill voids between the tab
and heat sink. The interface thermal resistance depends upon the material used and is effected
by the mounting pressure, material thickness, and flatness of each surface. Typical values of
common interface material range between 0.1°C/W and 1°C/W and if no interface material is
used could be as high as 5°C/W.

The user should consult the interface or heat sink vender to determine a suitable material to
meet the desired design goals.

By solving equation 10, we arrive at the required thermal impedance of the heatsink. Some
packages, such as the TO-220, TO-263, or DDPAK better lend themselves to using heatsinks.
Packages such as the SC70 and SOT23 due to their physical size, are not generally considered
for use with heatsinks. Appendix A has a short list of some thermal management vendors. The
vendors listed do offer various solutions for different package types. Tl does not endorse one
vendor over another and there are many other thermal management vendors not listed.
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Having read this far, the reader should have a basic understanding of the following:

e Why thermal considerations are important in linear regulator design

e Thermal equations for a linear regulator

e How to thermally evaluate different regulators for a design

The subsequent chapters of this applications report include a summary, real world examples,

items to look out for, and appendixes including reference material, and additional useful
information on linear regulators and TI PowerPAD packaging technology.
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6  Summary of Approach and Equations
This chapter is a one page summary engineers can use to quickly evaluate a linear regulator.
With V|, Vo, and o (max) in hand, calculate Pp(max) with:

Pb(max) = PI—Po (3)
=(V|=Vpo) xlo (11)

NOTE: The Iq of the linear regulator is ignored due to its relative small size to lg. Thus, we
assume || = lp.

Then, take Pp(max) and consult the data sheets of all perspective linear regulators. If the data
sheet has power dissipation tables in watts, use Ppmax) and compare the package with the
rating associated with the appropriate ambient temperature, copper area, and airflow. If the data
sheet only offers a 6 for the package, calculate 6jamax) using:

Workbook

8JA(max) = (Ty — TAYPD(max) @)

If Pb(max) is less than the power noted in the power dissipation table or 64 in the data sheet is
less than the 6ja(max) calculated in equation 7, the package is thermally acceptable. Otherwise,
the package is not acceptable and an alternative should be found. Also, always be sure to
reference 0p or Pp(max) With the appropriate copper area and airflow for the application when
reading a data sheet.

In the case where the initial linear regulator is thermally insufficient, the easiest alternative is to
look for a different package. Figure 5 is a reasonable reference to help start such a search. It is
possible a linear regulator with more output current capability than required by the application
may be necessary to obtain the appropriate thermal properties.

Presentation

If no package can be found to meet the thermal needs for the application, the next step is to
consider the addition of a heatsink or move to a switching power solution. When looking for a
heatsink, use 6y calculated in equation 7 and substitute it into equation 9:

05A < 8JA(max) — 0JC — OCS ©)

This yields the 8gp required for the heatsink. The other major considerations in choosing a
heatsink are form factor and mounting options for the linear regulator package.
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7

7.1

7.2

7.3

Things Often Overlooked

Included in this chapter are answers to common questions and items that are often overlooked.

Differences Between Vendors

In making a thermal comparison between linear regulator vendors, always check the data sheet.
Different manufacturers are more or less aggressive in specifying 64 and the maximum
recommended junction temperature for a given package type. In addition, different vendors
make different assumptions on things such as airflow or copper area under a device. Lead frame
options such as TI’'s PowerPAD can also drastically alter the thermal capabilities of a package.

Never assume similar parts have similar thermal capabilities, particularly when they come from
different vendors, and always be aware of what assumptions or conditions the specifications
assume.

The Math Does Not Work... But the Part Does

It is not uncommon to find situations where the thermal equations indicate a potential problem
but a part seems to work. Recall equation 7:

0ya = (Ty—Ta)Pp (7)

does not take into account airflow or the potential benefits of heatsinking into the PCB copper. In
addition, manufacturers build headroom into their specifications. The cumulative headroom this
provides could allow a part to work outside what is covered in the data sheet and this document.

If additional factors such as heatsinking into the PCB copper cannot account for why a part
works, it is not advised to continue to use it in a design. Violating the thermal ratings on a device
can reduce the long-term reliability of the design.

The flip side to this is the situation where the original circuit was over-engineered for prototyping
and exceeds what current the application requires. While the temptation is to leave the circuit as
is, technically and financially it is often worth re-examining an over-engineered LDO. It can be
possible to obtain advantages in both cost and space with a minimal amount of work to populate
the function with a properly sized LDO.

Derating

Often, in demanding applications, companies have a policy of derating the integrated circuits
they use. Depending on the project or end equipment this can be done in a variety of ways.
From a thermal perspective, one often derates the absolute maximum junction temperature (T )
for specific system reliability considerations when derating is necessary. This, in turn, decreases
8JA(max) in equation 6, which causes the application’s thermal design to be more demanding and
operation more robust.

It is up to the user to determine device suitability for a given application. It is important that the
device operate within the manufacturers operating conditions stated in the data sheet. Device
operation at or above the absolute maximum ratings, which includes temperature, voltage, and
current causes premature device failure.

Several reliability prediction standards are used to assess product life such as MIL-HDBK-217F
and Bellcore TR-NWT-000332. Mil-HDBK-217F defines two prediction methods; a part stress
analysis and parts count reliability prediction.
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Common stresses that are known to accelerate device failure mechanisms include temperature,
voltage, current, humidity, and temperature cycling. Temperature accelerates many chemical or
physical processes that may shorten the usable life of a semiconductor device.

The Arrhenius model is commonly used for semiconductor reliability prediction. The model
assumes that device failure rate is linear with time and that the acceleration factor is a function
of device junction temperature. The mean time between failure (MTBF) is defined as the inverse
of the acceleration factor (f). Equation 12 shows the acceleration factor expressed as the ratio of
a time to fail at one temperature to a time to fail at a different temperature.

Acceleration factorf = I = exp [% (i - i)] (12)

Where:
Ea = Activation energy (ev)
K = Boltzmans constant 8.6 x 10E-5 ev/°K
t1 = Time between failure at temperature T1
t2 = Time between failure at temperature T2
T1 = Junction temperature (°K) at time t1
T2 = Junction temperature (°K) at time t2 where T2 >T1

We can use this equation to illustrate the effect on the MTBF by derating the maximum
allowable junction temperature of the device. For this exercise we assume an activation energy
of 0.9 ev. The manufacturers maximum operating junction temperature is found in the absolute
maximum ratings table in the data sheet. Many low dropout regulators are specified with an
absolute maximum rating of 125°C. If we reduce the maximum allowable junction temperature
by 10°C for a given design we see that the MTBF approximately doubles.

In many applications it is unnecessary to derate components. This discussion was provided as
an example of one common way to derate components when necessary.
Other Useful Iltems

Included in this chapter are quick references to a few useful items regarding linear regulators.

Linear Regulator Efficiency
Efficiency of any power regulator is:
Eff = Po/P| x 100% = (Vg x Io)/(V] x 1) x 100% (13)

If we make the assumption as we did before that I} = Ip for a linear regulator discounting Iq due
to its relative size compared with lp, this can be simplified to:

Eff = Vo/V| x 100% (14)

This is a good rule of thumb, but remember, this only holds for a linear regulator design.
Switching power supplies cannot be analyzed in this way.

There are applications that need to take into account the Iq of the linear regulator. To consider
lq, lo no longer equals |} and thus equation 14 is invalid. To consider Ig, we examine equation 5:
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P =Po+Pp+Pq ®)

Since quiescent power dissipation, Pq, is also derived from the input voltage, equation 13 can
be manipulated to:

Eff = (Vo x lo)[(V) x 1) + (V) x Ig)] x 100% (15)

Assuming Iq comes from the same source, V|, as does ||. An example where this is not the case
is the UC382 as it has a bias supply input, Vg, which draws lq. The UC382 aside and assuming
both |} and Iq come from the same source, we return to our potentiometer module from Chapter
3, and we conclude that:

Eff = (Vo x Io)[V)  (Io + 1g)]  100% (16)

Again, remember these equations only apply to a linear regulator design. One example of an
application where this granularity could be important is in portable end equipments where the
load is asleep for the majority of the time. With a very small load current for a significant amount
of time, g can become a significant factor in efficiency and product run time. This is why
companies such as Tl have low Iq families of linear regulators. For comparison, the TPS761xx
family of LDO’s has a typical quiescent current of 2.6 mA where the TPS769xx family has a
typical quiescent current of 0.017 mA. Both are 100-mA LDOs, but the TPS769xx was designed
for power sensitive applications as are other TI LDOs which offer even lower Iq than the
TPS769xx.

Workbook

With regard to lg, we must also keep in mind what the relationship is between |q and output
current. PMOS linear regulators are generally load independent.
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Figure 7. Comparison of 100- A Ig PMOS and PNP LDOs
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As illustrated in Figure 7, the PMOS linear regulators Iq is essentially constant as a function of
load current. In contrast, bipolar linear regulators have I characteristics that are load
dependent. This can be important to take into account before deciding that Iq is negligible.
Particularly for bipolar linear regulators, it is good practice to consult the graphs in the data sheet
if they are provided.
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Input Voltage, Dropout Voltage (Vpp), and Low Dropout Regulators (LDO’s)

Dropout voltage for linear regulators is often misunderstood. As discussed previously, the
difference between V| and Vg is the voltage drop across the linear regulator. The lower the
difference between the input and output voltage, the lower the power dissipation for a given load
current. The dropout voltage is defined as the minimum difference required between V| and Vg
for the regulator to operate within specification. A subset of linear regulators called low dropout
regulators (or LDO) exhibits small dropout specifications. This can be an advantage when:

e Vjand Vg are close in value
e V| can be manipulated to be close to Vg thus reducing Pp and increasing efficiency

e A battery is the V| source, thus allowing the regulator to draw voltage from the battery and
regulate over a wider range

Figure 8 demonstrates what a dropout voltage specification means visually.

Note: Care should also be taken
to ensure V| remains above
the min specified V|

Input Voltage

With V)| Greater than
Vo by More than Vp,
Vo is Stable

Voltage
|

With V| Less than
Vo by Vpo or more,
Vo Follows V)|

< >
<4 »

V) > Desired Vg + Vpo V)| < Desired Vg + Vpo
Drop out voltage example based on TPS72101 and 200 mV Vpo typical.

Figure 8. Dropout Voltage Example

To highlight the difference between a standard linear regulator and what is considered an LDO,
look at the Vpg specification on both the TPS77601 and the LM317M. Tl considers anything with
a Vpp < 1V to be an LDO and anything with Vpg > 1 V to be a standard linear regulator. In
summary, the minimum input voltage as shown in Figure 8 is the greater value of either Vg +
Vpo or the minimum specified input voltage.

The ultimate combination is an LDO that has both a low dropout and an input voltage range that
extends to relatively low voltages. An example of this is the TPS721xx (150 mA), TPS722xx

(50 mA), and TPS725xx (1 A) series. This series is the first LDO in the industry to allow V| down
to 1.8 V and a very small Vpgo which allows these parts to run directly off batteries in portable
applications or off other core voltages for point-of-use needs. As a side note, this family of LDOs
also features stability with any output capacitor providing even more flexibility in designs.
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9 Real World Examples

Included in this chapter are four real world examples to further illustrate the thermal concepts
presented in this application report.

Example 1:

We need to power a C5409 DSP core with a small amount of additional logic at 1.8 V. The
application calls for a 100 mA solution at 1.8 V and this rail needs to be created from 5 V. The
maximum ambient temperature is 70°C, and we assume zero airflow. The TPS76318 and
REG101-A linear regulators are under consideration. Which device(s) and package options are
acceptable?

Answer:

As a side note, if we take a quick look at efficiency with equation 14:

Eff = Vo/V) x 100%
Eff = 1.8 V/5 V x 100% = ~36%

Obviously, a linear regulator is not the optimal solution for efficiency in this case but we assume
efficiency is not a primary design goal in this application.

Both the TPS76318 and REG101-A have an acceptable input voltage range, output voltage
range, and output current capability. The potential pitfall in this application are the thermal
considerations.

Ignoring the I of the linear regulator, at 100 mA output current we calculate the input and output
power:

Output Power: P=1xV =100 mA x 1.8 V=180 mW
Input Power: P =1 xV =100 mA x5V =500 mW
Pp=P —-Po

PD(max) = 500 mW — 180 mW = 320 mW

With the TPS76318 data sheet, we cross reference Pp(max) With our ambient temperature in the
thermal tables.

CERPATION RATIRG TABLE

DERATHG FACTOR Tp = 28T Tg=TeC Tac=asC
Eaan P e Rodn ABOVE Ta = 36°C  POWER RATIMG POWER RATING  POWER RATING
Lirw ki e EEH LW 250 T 1.9 mwC 586 i 212 =5 il
High = [0 A6 CAW 180 T i : 5T W 222 mid
¥ The JEQELS Low K {151 bosnd design wmed i ey s dein was 8 Jnch @ 3nch, twn lye bosnd with 7 ounes ooppes reoss. on iop ol e bosm
5 T JEDH C High K Gl o decmgn assed o daivm s St wasd 0 inch x 3 inch, muilil s Boord sl 1 oo inkismal oo i groad
Planes Bd 2 noh Lo Wce of 103 @] SoloeT of (e Dodod

recommended operating conditions

MIH MO MAx | LKIT

gl voltmgn. Vil

Custlinuns ilfail custinl, Lo o 150 ] ma

Oipdsrping wirethon ismpasin, T 40 126

Figure 9. Power Dissipation Table From the TPS76318 Data Sheet (May 01)
We see that 320 mW at 70°C is a problem and that the SOT23 package is not suitable for this

application. The REG101-A data sheet addresses thermal considerations in terms of 6. Using
equation 7, Ta, and Pp(max) We can evaluate the REG101-A:
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0ga = (Ty—Ta)Pp
6 A = (125°C — 70°C)/0.320 W = ~171°C/W

In looking at the 6 ratings shown in Figure 10 for the REG101-A we see that the SOT23
package option is still unacceptable. However the SO-8 package option is suitable having a 6
less than 171°C/W.

FEWPERATURE RaRIE
e el Mg T 40

LR T 3 LI

Figure 10. From the REG101 Data Sheet (July 01)

In this example, we see quickly how thermal considerations can impact component selection
with linear regulators.

To take this example a step further:

e What would happen if the output current increased to 150 mA?

— PD(max) increases to 580 mW, 64 decreases to 95°C/W, and Eff is the same. Neither part
is an option as neither has an acceptable package. 150 mA is beyond the REG101-A
specification for output current also. A more appropriate part may be the 250 mA
REG102-A in a SOT223 package with a 6, close to 60°C/W among other choices from
TI.

e What would happen if V| were lowered to 3.3 V with 100-mA output current?

— PD(max) becomes 190 mW, 64 becomes to 289°C/W, and Eff is ~54%. Now, both of our
original parts would work in the smaller SOT23 package option.

These basic changes produce drastic differences to our thermal considerations.

Example 2:

The TPS76833 linear regulator is available in an 8-pin SO and a 20-pin TSSOP package.
Determine which package option will meet the following criteria:

V| =5.0V+5%
Vo =3.3V+2%
lo: 0.95 A

Ta = 50°C, natural convection air flow
Answer:
First, determine the required worst case power dissipation.
Pp(maxy= (Vi—Vo) xlo
=[(V|x1.05) - (Vo x0.98)] x Ip
=(5.25-3.234) x 0.95
=1.915W
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Now determine the maximum package thermal impedance requirement given the above criteria.
Pb(max) = (Tymax) — Ta)/8ya Rearranging and solving for 6 a
84A < (Ty(max) — TAYPD(max)

From the TPS76815 data sheet we see that the absolute maximum junction temperature is
125°C. In this application, your company mandates that all components have derated Ty(max)-
For this example we derate by 10°C.

Let TJ(max) =115°C

Therefore the required 6 a < (115 —50)°C/1.915 W = 33.9°C/W

From the data sheet we see that the 8-pin SOIC package (D) does not meet the requirement
since it has a 8 of 172°C/W. The 20-pin TSSOP PowerPAD package (PWP) meets the
requirement having a 6 of 32.6°C/W if it is mounted on a board having a copper heat sink area
of at least four square inches (1 oz. copper).

Workbook

Example 3:

The REG104 linear regulator is available in a SOT223 and TO-263 surface mount packaging.
Determine which package option meets the following criteria:

V=50V +5%

Vo =25V +2%

lo: 1.0A

Ta = 50°C, natural convection air flow

Answer:

Presentation

First, determine the required worst case power dissipation:
Pp(maxF (Vi = Vo) xlo
=[(V}x1.05) - (Vo x0.98)] x I
=(5.25-245)x1=28W
Now determine the maximum package thermal impedance requirement given the above criteria.
Pb(max) = (Tymax) — TA)/8ya Rearrange and solving for 65
Bya < (TJ(max) - TA)/PD(max)
From the REG104 data sheet we see that the absolute maximum junction temperature is 150°C.
Thus,
Let Ty(max) = 150°C
Therefore the required 6 a < (150 — 50)°C/2.8 W = 35.7°C/W

75]
N
P
=
=5
]
==
=
=]
.;
<
>
:
=2
=¥
<

From Figure 10 of the REG104 data sheet we see that a TO-263 mounted on 1.5 square inches
of 1 0z. copper has a 6 of 32°C/W. Since the mounting tab is at ground potential, the entire
ground plane can be used to further reduce the thermal impedance.
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Example 4:

Given that a TMS320C6201 DSP has the following system requirements:
Core: 1.8V 3% at 1.0 W
I/0: 3.3V +5% at0.2W
V| =5.0V 5%
Ta =50°C

Find a suitable power solution using a dual LDO regulator to power the DSP system.

We must first determine the total power dissipation required for the dual regulator.

Pb(core)= (VI = Veore)) X l(core)
V(1.05) = Veore(0.97)) Peore/Veore(0.97)
5.25-1.75) (1.0)/1.75=2.0 W

=
=
Poqroy = (Vi—Voqro) x lg/o)
= (V|(1.05) - V},0(0.95)) Py;0/V)0(0.95)
=(5.25—-13.14) (0.2)/3.14=0.134 W

Total regulator dissipation = Pp(core) + Pp(1/0) =2.0 W + 0.124 W =2.124 W
Next, determine the required maximum package thermal impedance.

Maximum allowable dissipation:

Pb(max) = (Ty(max) — Ta)/6ya

8JA < (Ty(max) — TAYPD(max)
Most of the Tl LDO data sheets list an absolute maximum junction temperature rating of 125°C.
Thus,

Let Ty(max) = 125°C

Therefore 6a < (125 — 50)/2.124 = 35.3°C
The DSP power selection matrix table (page 35) of the Power Management Selection Guide,
literature number SLVT145 recommends the TPS767D318 as a possible product to meet the
system requirements. From the TPS767D318 data sheet we find that it meets the voltage and
tolerance requirements as well as thermal. It features a 6 of 32.6°C/W if at least four square

inches of 1 0z. copper heat sink area is used. Since the thermal pad is at ground potential, the
entire ground plane could be used to further reduce the thermal impedance.
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Appendix A Thermal Managment Vendors

e Aavid Thermal Technologies  http://www.aavidthermalloy.com/

e Bergquest Company http://www.bergquistcompany.com/

e |ERC http://www.ctscorp.com/ierc/

o Wakefield Engineering http://www.wakefield.com/
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Appendix B Additional TI Documentation on Thermal Topics,
Packaging, and Linerar Regulators
1. Fundamental Theory of PMOS Low-Dropout Voltage Regulators
http://www—s.ti.com/sc/psheets/slva068/slva068.pdf
Covers the basics of how a linear regulator, specifically a PMOS Low-Dropout regulator,

functions.
L 2. Understanding the Terms and Definitions of Low-Dropout Voltage Regulators
8 http://www—s.ti.com/sc/psheets/slva079/slva079.pdf
§ Briefly defines common terms associated with Low-Dropout regulators including Quiescent
S Current, Efficiency, Dropout Voltage, Line and Load Regulation, and more.
3 3. Technical Review of Low Dropout Voltage Regulator Operation and Performance
http://www-s.ti.com/sc/psheets/slva072/slva072.pdf
A more in depth discussion of common Low-Dropout regulator specifications including
Quiescent Current, Efficiency, Dropout Voltage, Line and Load Regulation, Stability, and
more.
4. PowerFLEX™ Surface Mount Power Packaging
http://www—s.ti.com/sc/psheets/slit115a/slit115a.pdf
g This document could be particularly helpful with TI’s surface mount alternatives to TO-220
ES packages.
§ 5. Thermal Characteristics of SLL (Standard Linear Logic) Package and Devices
o http://www-s.ti.com/sc/psheets/scza005b/scza005b.pdf
E This document has an exhaustive list of packages covered and runs though some of the

same calculations covered in this paper.

6. K-Factor Test-Board Design Impact on Thermal Impedance Measurements
http://www—s.ti.com/sc/psheets/scaa022a/scaa022a.pdf

7. PowerPAD Made Easy
http://www-s.ti.com/sc/psheets/sima004/sIma004.pdf

This application note is a quick reference explaining what is TI’'s PowerPAD thermal
enhancement and how does one use a part in this package.

8. PowerPAD Thermally Enhanced Package
http://www-—s.ti.com/sc/psheets/sima002/sima002.pdf

This application note is a more extensive review of the PowerPAD technology and equations
behind and implementation of products using this package.

9. MicroStar BGA Packaging Reference Guide
http:// www-s.ti.com/sc/psheets/ssyz015b/ssyz015b.pdf
This contains 6x6 — 16x16 BGA thermal information.
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10. Thermal Characteristics of Linear and Logic Packages Using JEDEC PCB Designs
http://www—s.ti.com/sc/psheets/szza017a/szza017a.pdf
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11. Thermal Derating Curves for Logic-Products Packages
http://www—s.ti.com/sc/psheets/szza013a/szza013a.pdf

12. PT3100/4100 Series Application note revised 5/15/98.

13. Tl external website for packaging information
http://www.ti.com/sc/docs/package/pkg_thermal_db.htm

As an example, if looking for TSSOP information: Enter packaging group = all, package type
TSSOP, JEDEC design guidelines = all, Then SEARCH.

-
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NOTE: urls are provided for quick reference, but as the web is always changing please be o
aware that these links may change as well! If you have trouble finding one of these documents, §
please contact your local Tl representative or your regional Tl Product Information Center. !-o-
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Appendix C Other References
1. S. M. Sze, VLSI Technology, McGraw-Hill, New York, 1988.
2. AN1029 Fairchild, April, 1996
Maximum Power Enhancement Techniques for SO-8 Power MOSFETs

Alan Li, Brij Mohan, Steve Sapp, |zak Bencuya, Linh Hong
Note: Related documents include AN1028, AN1025, AN1026 for other packages.

Y 3. AN-569, Motorola, 1973

8 Transient Thermal Resistance—General Data and Its Use
§ Bill Roehr and Bryce Shiner
ot
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (Tl) reserve the right to make corrections, modifications,
enhancements, improvements, and other changes to its products and services at any time and to discontinue
any product or service without notice. Customers should obtain the latest relevant information before placing
orders and should verify that such information is current and complete. All products are sold subject to TI's terms
and conditions of sale supplied at the time of order acknowledgment.

TI warrants performance of its hardware products to the specifications applicable at the time of sale in
accordance with TI's standard warranty. Testing and other quality control techniques are used to the extent Tl
deems necessary to support this warranty. Except where mandated by government requirements, testing of all
parameters of each product is not necessarily performed.

Tl assumes no liability for applications assistance or customer product design. Customers are responsible for
their products and applications using TI components. To minimize the risks associated with customer products
and applications, customers should provide adequate design and operating safeguards.

Tl does not warrant or represent that any license, either express or implied, is granted under any Tl patent right,
copyright, mask work right, or other Tl intellectual property right relating to any combination, machine, or process
in which Tl products or services are used. Information published by Tl regarding third—party products or services
does not constitute a license from Tl to use such products or services or a warranty or endorsement thereof.
Use of such information may require a license from a third party under the patents or other intellectual property
of the third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of information in Tl data books or data sheets is permissible only if reproduction is without
alteration and is accompanied by all associated warranties, conditions, limitations, and notices. Reproduction
of this information with alteration is an unfair and deceptive business practice. Tl is not responsible or liable for
such altered documentation.

Resale of Tl products or services with statements different from or beyond the parameters stated by Tl for that

product or service voids all express and any implied warranties for the associated TI product or service and
is an unfair and deceptive business practice. Tl is not responsible or liable for any such statements.

Mailing Address:
Texas Instruments

Post Office Box 655303
Dallas, Texas 75265

Copyright © 2003, Texas Instruments Incorporated
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bi TEXAS Application Report
INSTRUMENTS SLVA102A - October 2003

Gas Gauging Basics Using TI’s Battery Monitor ICs

Battery Management

Introduction

The new generation of wireless devices, PDAs, internet audio players and other appliances
demand accurate battery capacity monitoring. The improvement in feature content and
complexity of these portable devices has had a dramatic impact on the battery and battery
management. The simple and inaccurate voltage-based capacity-monitoring schemes of the
past are no longer acceptable. The users demand to know the real available capacity. They
need to know how many more audio files can be downloaded, how many more stock trades
can be placed, and how many more calls can be made before the battery finally runs out. An
inaccurate capacity gauge is both annoying and frustrating to the end-user.

A voltage-based capacity-monitoring scheme lacks the required accuracy for today’s wireless
applications. Lithium-lon and Lithium-Polymer batteries, for instance, have a relatively flat
voltage profile in both charge and discharge directions. In fact, during a typical charge cycle,
more than 70% of the charge time is spent in a constant voltage mode. This mode is
responsible for replenishing more than 40% of the charge capacity. Similarly, on a discharge
cycle, most of the capacity is available in a relatively narrow voltage range, from 3.7 down to
3V.

To make matters worse, the available capacity also changes as a function of self-discharge,
cell aging, temperature, and discharge rate or profile. The latter is particularly important in
wireless applications. For instance, the discharge profile of a GSM handset is a pulse of over
1 A in amplitude at approximately a 10% duty cycle. During standby mode the current is
reduced to less than 10 mA.

To solve the challenges of precise capacity tracking and monitoring, Texas Instruments has
developed a family of accurate battery monitor devices. These devices use the coulomb
counting method in order to provide the user with accurate and reliable information about the
battery’s state of charge. The purpose of this report is to provide the basics of building an
accurate gas-gauging feature using these devices.
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Product Comparison

The following table provides a comparison between the available battery monitor ICs.

Feature
Memory

TABLE 1: FEATURE COMPARISON FOR THE BATTERY MONITORS

bq2018
115 bytes RAM

bq2019
32 bytes RAM

bq2023

bq26200

bq26220

13 hardware registers

96 bytes FLASH

224 bytes FLASH | 96 bytes FLASH | 224 bytes FLASH

8 bytes ID ROM

19 hardware registers

15 hardware reg.

17 hardware reg.

19 hardware reg.

Memory backup Yes No Yes No Yes
(RBI)

Current Sense Differential Single-ended Differential

Chg/Dsg Count Rate | 12.5uVH 3.05uVH

Offset Calibration

Initiated by the host and
takes one hour ")

Initiated by host and

takes up to 42.6 min. "

Continuous auto-calibration and compensation

Offset Offset results are stored | Option 1: Host makes
Compensation in internal register, host compensation
makes compensation Option 2: Automatic Continuous auto-calibration and compensation
compensation
Temp. Resolution | 10°C 1°C 0.25°C [ 1:c 1°C
Voltage Meas. No Yes
GPIO Pin None Open-drain status output Input or open-
drain output
Current Drain 60 pA 80 1A [ 324A [ 78 A 30 pA
Package 8-lead SOIC or TSSOP 8-lead TSSOP

(1) Can be initiated as the last step in final test and while pack is in transit

Gas Gauging Basics Using Tl’s Battery Monitor ICs
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System Components

Measuring battery charge and discharge current and reporting state of charge to an end user
requires several components (see Figure 1). These include:

¢ A battery monitor such as the bq2018, bq2019, or bq2023. Battery monitor ICs contain
highly-accurate coulomb counters, temperature monitors, communication interfaces, and
other functions.

e A current sense resistor: The low-value (typically between 10 to 20 mQ) sense resistor
provides a means for the battery monitor to measure the current flowing into or out of the
battery. The battery monitor senses the voltage across this resistor.

¢ A host controller with one free general-purpose 1/0O for communication: The host controller
is required to provide intelligence to the battery monitoring setup. The host controller
handles all communication with the battery monitor IC. Since the HDQ and SDQ
communication protocols are asynchronous one-wire based, a general-purpose 1/O is
dedicated to handle the communication flow. The host also performs calculations with
data read from the battery monitor to determine the battery’s state of charge.

Battery Pack Portable Device
Pack + [—
Host Controller
Program
__| Cell(s) o
T Battery Monitor IC Data [—
_] C iaati Talk Time: 1:15
(qugj1 82,022)2019, # | l_% Power Management | | Standby Time: 7:25
Battery Capacity
Calculation System Display
Sense
Resistor
—] Pack - [—

FIGURE 1: System Components

Gas Gauging Basics Using TI’s Battery Monitor ICs 3
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What Is Coulomb Counting?

Coulomb counting simply means measuring the charge input to and subsequently removed
from the battery. In order to accomplish this, first the charge and discharge current is
measured across a low-value series sense resistor between the negative terminal of the
battery and the battery pack ground contact. The voltage drop across the sense resistor is
then integrated over time to provide an accurate representation of the state of the charge of
the battery.

Battery monitor devices from Texas Instruments use a highly accurate and low-offset voltage
to frequency converter (VFC) to measure the voltage drop across the sense resistor. The
output of the VFC is then converted to an accumulated count in either the charge or the
discharge register to represent the charge flow into and out of the battery. See Figure 2.

ICHG

Charge Count Register (CCR)
V>0

Sense Resistor VFC TD—» Charge Time Counter (CTC)
(RSR)

Discharge Count Register (DCR)

L{j— Discharge Time Counter (DTC)
IDSG

Precision Oscillator

FIGURE 2: Simplified Block Diagram of the Coulomb Counter

The VFC is connected such that a positive voltage is developed across the sense resistor
when current is flowing into the battery (i.e. charge). Conversely, a negative voltage is
developed across the sense resistor, and thus the VFC inputs, when current is flowing out of
the battery (i.e. discharging). Charge and discharge activities are accumulated in
2 independent registers: Charge Count Register (CCR) and the Discharge Count Register
(DCR).

The VFC is designed to count at a fundamental rate. This rate, also known as the VFC gain
(or simply Gygc throughout this app note), provides a conversion factor from the output of the
VFC to the input voltage. The data sheets for the battery monitors report the VFC gain as a
Hz/V value. This simply means that a given input voltage produces a certain number of

4 Gas Gauging Basics Using Tl’s Battery Monitor ICs
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counts in some period of time. For instance, the bq2018 has a typical VFC gain of 22.2 Hz/V
while the bg2019 has a typical gain of 90.51 Hz/V. This means that if the bq2018 CCR
incremented one count every second, the input voltage would be 45 mV (1 sec + 22.2 Hz/V).
An increase of CCR every second in the bgq2019 would mean an input voltage of 11.05 mV
(1 sec + 91.1 Hz/V).

In addition to the charge/discharge count register, the battery monitors have two time
registers, charge time counter (CTC) and discharge time counter (DTC). The CTC runs while
the battery charges, and DTC runs while the battery discharges. Only one timer will always be
running at a rate of 4096 counts per hour, provided the registers have not experienced a
rollover.

Sense Resistor Selection

The sense resistor must be sized properly to measure the entire range of charge and
discharge currents in the application within the limits of the battery monitor. The items to
consider include:

1. The maximum potential of the SR input as specified in the IC’s data sheet. This limit for the
bg2019, for instance, is =100 mV to +100 mV. Therefore charge/discharge currents
through the sense resistor must not produce a voltage greater than £100 mV.

2. The VFC gain as specified in the IC’s data sheet. The bq2018, for instance, counts charge
and discharge at a rate of 12.5 uV per hour. Signals less than 12.5 uV require greater than
one hour to resolve. The designer should consider the resolution vs. time when selecting a
sense resistor.

3. The sense resistor must also handle the power dissipation of all charge and discharge
activity.

Calculating Charge and Discharge Time

The host system can calculate the change in time by reading CTC/DTC at time zero,

designated as CTCO/DTCO, and then reading them again some time later, designated as

CTC1/DTC1. The change in time, in seconds:

At (s)=[(CTC1-CTCO) + (DTC1 — DTCO0)]*3600/4096 (1)

After At is calculated, the host system should store CTC1/DTC1 as CTCO/DTCO for the next
time period calculation.

The preceding discussion is meant to serve as a basis for the calculations to determine
remaining capacity. The charge/discharge count registers, VFC gain, and the change in time

Gas Gauging Basics Using Tl’s Battery Monitor ICs 5
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are three of the fundamental values necessary to calculate remaining capacity and time to
empty.

Calculating Average Current

The host system does not communicate with the battery monitor on a continuous basis. The
microcontroller spends most of its time controlling other system components. But when the
battery monitor is accessed, one of the values the host microcontroller may calculate is
average current during the last time period. This discussion assumes that the host has
communicated with the battery monitor and either stored initial values or performed
maintenance to clear the CCR/DCR and CTC/DTC registers. Either way, designate the initial
readings as CCRO/DCRO and CTCO/DTCO. The host should read the CCR/DCR and
CTC/DTC registers, referenced in the equation below as CCR1/DCR1 and CTC1/DTC1. The
average current during the last time period:

IAVG (A) = [[CCR1-CCRO) — (DCR1-DCRO)] / (At * Gyrc * RSR)  (2)

At (s) is calculated from equation (1) or calculated from the host controller's internal timer,
Gvrc is the VFC gain (Hz/V), and RSR (Q) is the sense resistor. A negative IAVG indicates
discharge and a positive IAVG indicates charge.

This value can be used to calculate the time to empty at the discharge rate calculated.

Calculating Accumulated Current

Accumulated current is used to calculate the absolute remaining capacity of the battery. It
requires knowledge of the capacity at some time. The battery design capacity is typically used
when the battery goes through its first discharge from full. After that, a simple algorithm can
be generated to learn the true battery capacity. The accumulated current during the last time
period:

IACC (As) = IAVG * At

|
[(CCR1-CCRO) — (DCR1-DCRO)] / (Gvrc * RSR)  (3)

After the calculation for IAVG or IACC is complete, the host system should store CCR1/DCR1
to CCRO/DCRO for the next time period.

6 Gas Gauging Basics Using Tl’s Battery Monitor ICs
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Calculating the Remaining Capacity

Remaining capacity is the entire goal of gas gauging. This value can be manipulated in a
number of ways to display for the end user. It can be presented as a percentage of total
capacity, which is either the design value, or the learned value, or used to calculate time to
empty, which is detailed below. The remaining capacity calculation:

RM1 (As) = RMO + IACC (4)
IACC (As) is calculated from equation (3), RMO (As) is the last calculated remaining capacity.

After the calculation for remaining capacity, the host system should store RM1 to RMO for the
next time period.

Calculating the Time to Empty @ Rate

The basic assumption behind this calculation is that the user is interested in the time to empty
at the average current consumption during some time period. This might require that IAVG,
calculated in equation (2), be calculated at a longer time period than IACC. More accurate
average current results in a more accurate time-to-empty calculation. The time-to-empty at
IAVG rate calculation:

TTE@RATE (s) = RM1/1AVG 5)

IAVG (A) is calculated from equation (2), RM1 (As) is the remaining capacity calculated in
equation (4).

Other Battery Parameters

Other battery parameters include temperature and voltage. All Tl battery monitors measure
and report the die temperature to the host controller. Refer to Table 1 for a feature
comparison.

Most host controllers monitor the battery voltage through an ADC channel. By measuring the
battery voltage, the host controller can signal the end user when the battery has reached its

end of discharge voltage. This voltage, which varies from design to design and by cell type, is
the absolute minimum at which the battery should be operated to maintain cell life.

Gas Gauging Basics Using Tl’s Battery Monitor ICs 7
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Summary

This application report provides an overview of the components necessary for gas-gauging a
battery with the Tl battery monitors. A very simple system and understanding of some basic
equations allow a basic gas-gauging application to be built.

This application report does not cover some other steps needed to create a more
sophisticated gas-gauging algorithm. These topics include capacity-learn cycles, charge-
efficiency correction, self-discharge correction, VFC gain error over temperature and voltage,
VFC offset, and device-temperature reporting. Proper handling of these topics results in a
remaining capacity calculation that is extremely accurate across a system’s temperature and
voltage range. These topics are covered in other application reports.

8 Gas Gauging Basics Using Tl’s Battery Monitor ICs
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Reverse Current/Battery Protection Circuits

Jeff Falin PMP Portable Power

ABSTRACT

Users of battery powered equipment expect safeguards to prevent damage to the internal
electronics in the event of reverse battery installation, accidental short circuiting, or other
inappropriate operation. These safeguards can be either mechanical or electronic. An
example of a mechanical safeguard is requiring the use of special connectors and
instructional pictures and symbols. For example, a 9-V battery has different terminals, and
its rechargeable battery packs are physically designed for one direction of insertion. Other
battery types, like single-cell alkaline, are not so easily protected by mechanical safeguards.
Therefore, battery powered equipment designers and manufacturers must ensure that any
reverse current flow and reverse bias voltage is low enough to prevent damage to either the
battery itself or the equipment’s internal electronics. To provide these electronic safeguards,
manufacturers typically chose either a diode or transistor for reverse battery protection.

Workbook

Using a Diode

The simplest protection against reverse battery protection is a diode in series with the battery, as

seen in Figure 1.
VBAT J—

¥
T_ LOAD

Figure 1. Diode in Series With Battery

Presentation

In Figure 1, the diode becomes forward biased and the load’s normal operating current flows
through the diode. When the battery is installed backwards, the diode reverse—biases and no
current flows. This approach is used for any battery type, from single-cell alkaline to multiple
Li-lon, but it has two major disadvantages. The forward voltage drop across the diode shortens
the usable battery life, i.e., a dual alkaline battery pack capable of providing 1.8 V, is limited to
1.8V -0.6 V =1.2 V. In addition, the efficiency of the power circuitry (e.g., a boost converter)
following the battery suffers due to this drop. To minimize these disadvantages, many designers
use a Schottky diode, since its forward drop is lower than that of a regular diode. However, the
disadvantage of using a Schottky diode is that it is more expensive than a standard diode.
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Using a FET

The most recent MOSFETSs are very low on resistances, and therefore, are ideal for providing
reverse current protection with minimal loss. Figure 2 shows a low-side NMOS FET in the
ground return path and Figure 3 shows a high-side PMOS FET in the power path.

4

VBAT = LOAD
Figure 2. NMOS FET in the Ground Return Path

]

1+ +
VBAT —— LOAD

Figure 3. PMOS FET in the Power Path

In each circuit, the FET’s body diode is oriented in the direction of normal current flow. When the
battery is installed incorrectly, the NMOS (PMOS) FET’s gate voltage is low (high), preventing it
from turning on.

When the battery is installed properly and the portable equipment is powered, the NMOS
(PMOS) FET’s gate voltage is taken high (low) and its channel shorts out the diode

A voltage drop of rpg(on) X ILOAD is seen in the ground return path when using the NMOS FET
and in the power path when using the PMOS FET. In the past, the primary disadvantage of
these circuits has been the high cost of low rpg(on), low-threshold voltage FETs. However,
advances in semiconductor processing have resulted in FETs that provide minimal drops in
small packages. Some of the latest FET’s threshold voltages and rpg(on)’s are shown in Table 1.

Table 1. Small Packaged FETs With Low rgg(on)

MANUFACTURER | PARTNO [ PACKAGE | rpg(on)
NMOS

IRF ILRML2502 SOT-23 80mQat2.7V

Vishay Si2312 SOT-23 51mQat1.8V
PMOS

IRF ILRML6401 SOT-23 85mQat2.7V

Vishay Si2323 SOT-23 68mQat1.8V

2 Reverse Current/Battery Protection Circuits
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Burr-Brown Products
from Texas Instruments
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SBFA015A - January 1998 - Revised May 2003

SOLDER PAD RECOMMENDATIONS FOR
SURFACE-MOUNT DEVICES

By Wm. P. Klein, P.E.

Cost and performance requirements continue to push the
packaging of electronic systems into smaller and smaller
spaces. At one time, the standard center-to-center pin spac-
ing was 100 mils (0.1") on through-hole parts (DIPs).
The advent of surface-mount devices (SMD) has brought pin
spacings that differ from one package series to the next.
The solder joint of pin-foot to printed circuit board (PCB) must
provide the strength to hold the device in place. The close
lead spacings make lead-to-lead solder bridges more preva-
lent. These factors increase the importance of an optimized
PCB design.

The criteria for a well-designed solder joint is based on both
empirical data and reliability testing. Solder-joint strength is
directly related to the total solder volume. An observable
solder fillet is evidence of proper wetting. Therefore, a
positive solder fillet is usually specified. A joint can be
described by the solder fillets formed between the device
pins and the PCB pads. Figure 1 shows the three fillets: toe,
heel, and side.

A properly designed solder pad minimizes solder bridging
while affording a strong and easily inspected joint.
These goals have conflicting dimensional requirements.

Factors to consider when determining the dimensions of the
solder pads include part dimension tolerances, PCB produc-
tion tolerances, and accuracy-of-placement tolerances.
Figure 2 shows how placement accuracy can affect solder
bridge formation. The designer should also consider the
limitations of the soldering process. Boards designed for
wave soldering usually have slightly wider pads than those
designed for reflow techniques.

Two trade organizations provide industry standards. The Elec-
tronic Industries Association (EIA)! represents manufacturers in
all areas of the electronics industry. The EIA’s Joint Electron
Device Engineering Council (JEDEC)? establishes standard
package dimensions. The Institute for Interconnecting and
Packaging Electronic Circuits (IPC)3 has established standards
for PCB design. The Surface Mount Land Pattern Subcommit-
tee of the Printed Board Design Committee of IPC has devel-
oped standard pad dimensions for the packages defined by the
JEDEC committee. The IPC document Surface-Mount Design
and Land Pattern Standard is designated IPC-SM-782.

To further assist the designer, the mathematical relationships
in the standard have been programmed in a spreadsheet
calculator. Access to this program is available at the IPC

f=
%
R

Heel

Side

FIGURE 1. Solder Joint Fillets.

Copyright © 1998-2003, Texas Instruments Incorporated
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|
|
|
|

Correct

FIGURE 2. Device Placements.

internet web site3. Surface-mount land patterns are given for
many JEDEC standard packages. Capability to customize
the patterns for special designs is also provided. The results
of this program are tabulated in the appendices of this paper
for some of the more popular packages currently supplied by
Texas Instruments.

The values listed in the following tables are based on the
assumptions shown in Table |. Performance will also depend
on process variables. While an effort has been made to
select nominal values for these variables, the design engi-
neer should determine the optimum value through experi-
mentation.

Fabrication Tolerance 0.1mm
Placement Tolerance 0.1mm
Toe Joint Minimum 0.4mm
Heel Joint Minimum 0.5mm
Side Joint Minimum 0.0mm

TABLE |. Assumed Basic Dimensions.

NOTES: (1) Electronic Industries Association (EIA)
2500 Wilson Boulevard
Arlington, VA 22201
http://www.eia.org/

(2) Joint Electron Device Engineering Council (JEDEC)
http://www.jedec.org

(3) The Institute for Interconnecting and Packaging
Electronic Circuits (IPC)
2215 Sanders Road
Northbrook, IL 60062-6135
Phone: 847-509-9700 Fax: 847-509-9798
http://www.ipc.org/index.html

2 Solder Pad Recommendations for Surface-Mount Devices
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PKG L L w w T T A A B B H H P LEAD
PACKAGE # MIN | MAX | MIN | MAX [ MIN | MAX | MIN | MAX [ MIN | MAX | MIN | MAX | NOM |COUNT
50-8 182 | 0228 | 0.244 | 0.013 | 0020 | 0.016 | 0.050 | 0.150 | 0.157 | 0.189 | 0.196 | 0.053 | 0.069 [0.0500| 8
SO-14 235 | 0.228 | 0.244 | 0.013 | 0.020 | 0.016 | 0.050 | 0.150 | 0.157 | 0.337 | 0.344 | 0.053 | 0.069 [0.0500 | 14
S0-16 265 | 0.228 | 0.244 | 0.013 | 0.020 | 0.016 | 0.050 | 0.150 | 0.157 | 0.386 | 0.394 | 0.053 | 0.069 | 0.0500 | 16
SO-16W 211 | 0394 | 0419 | 0.013 | 0.020 | 0.016 | 0.050 | 0.291 | 0.299 | 0.398 | 0.413 [ 0.093 | 0.104 | 0.0500 | 16
S0-18 219 | 0.394 | 0.419 | 0.013 | 0.020 | 0.016 | 0.050 | 0.291 | 0.299 | 0.447 | 0.463 | 0.093 | 0.104 [0.0500 | 18
50-20 221 | 0.394 | 0.419 [ 0.013 | 0.020 | 0.016 | 0.050 | 0.291 | 0.299 | 0.496 | 0.512 | 0.093 | 0.104 | 0.0500 20
50-24 239 | 0.394 | 0.419 [ 0.013 | 0.020 | 0.016 | 0.050 | 0.291 | 0.299 | 0.598 | 0.614 | 0.093 | 0.104 |0.0500 | 24 =
S0-28 217 | 0.398 | 0.419 | 0.013 | 0.020 | 0.020 | 0.040 | 0.291 | 0.299 | 0.697 | 0.713 | 0.093 | 0.104 |0.0500 | 28 s
SOT-23-5 331 | 0102 | 0.118 [ 0.010 | 0.020 | 0.014 | 0.022 | 0.059 | 0.069 | 0.110 | 0.118 | 0.035 | 0.057 |0.0374| 5 =
SOT-23-6 332 | 0102 | 0.118 [ 0.010 | 0.020 | 0.014 | 0.022 | 0.059 | 0.069 | 0.110 | 0.118 [ 0.035 | 0.057 |0.0374| & <
~N
SOT-23-8 348 | 0.102 | 0.118 [ 0.011 | 0.018 | 0.004 | 0.024 | 0.059 | 0.069 | 0.110 | 0.118 | 0.035 | 0.057 |0.0256 [ 8 =]
MSOP-8 337 | 0.189 | 0.197 [ 0.011 | 0.015 | 0.018 | 0.026 | 0.114 | 0.122 | 0.114 | 0.122 [ 0.032 | 0.048 | 0.0256 | 8 )
SSOP-20 334 | 0291 | 0.323 [ 0.009 | 0.015 | 0.022 | 0.037 | 0.197 | 0.220 | 0.272 | 0.295 | 0.077 | 0.079 | 0.0256 [ 20 7]
SSOP-24 338 | 0.291 | 0.323 [ 0.009 | 0.015 | 0.022 | 0.037 | 0.197 | 0.220 | 0.311 | 0.335 | 0.077 | 0.079 | 0.0256 [ 24 o
SSOP-28 324 | 0291 | 0.323 [ 0.009 | 0.015 | 0.022 | 0.037 | 0.197 | 0.220 | 0.390 | 0.413 | 0.077 | 0.079 | 0.0256 [ 28 S:
SSOP-16 322 | 0228 | 0.244 | 0.008 | 0.012 | 0.016 | 0.050 | 0.149 | 0.157 | 0.188 | 0.197 | 0.053 | 0.069 | 0.0250 [ 16
SSOP-48 333 | 0.395 | 0.420 [ 0.008 | 0.013 | 0.020 | 0.040 | 0.291 | 0.299 | 0.613 | 0.630 | 0.053 | 0.069 | 0.0250 [ 48
SSOP-56 346 | 0.395 | 0.420 | 0.008 | 0.013 | 0.020 | 0.040 | 0.291 | 0.299 | 0.720 | 0.730 | 0.095 | 0.110 | 0.0250 [ 56
TABLE Il . Package Dimensions—Inches.
PKG L L w w T T A A B B H H P LEAD @
PACKAGE # MIN | MAX | MIN | MAX [ MIN | MAX | MIN | MAX [ MIN | MAX | MIN | MAX | NOM |COUNT )
b
S0-8 182 | 579 | 620 | 033 | 051 | 041 127 | 381 399 | 480 | 498 | 135 | 1.75 | 1.270 8 =)
SO-14 235 | 579 | 620 | 033 | 051 | 041 127 | 3.81 399 | 856 | 874 | 135 | 1.75 | 1.270 14 (=9
S0-16 265 | 579 | 620 [ 033 | 051 | 041 127 | 381 399 | 980 | 1001 [ 135 | 175 | 1.270 16 155
SO-16W 211 | 1001 | 1064 | 033 | 051 | 041 127 | 739 | 759 | 1011 | 1049 | 236 | 264 | 1.270 16 m
S0-18 219 | 10.01 | 1064 | 033 | 051 | 041 127 | 739 | 759 | 11.35 | 11.76 | 236 | 2.64 | 1.270 18
50-20 221 | 1001 | 1064 [ 033 | 051 | 041 127 | 739 | 759 | 1260 | 13.00 | 236 | 264 | 1270 [ 20 =
50-24 239 | 1001 | 1064 | 033 | 051 | 041 127 | 739 | 759 | 1519 | 1560 | 236 | 264 | 1270 [ 24 =)
S0-28 217 | 10.11 | 1064 | 033 | 051 | 051 1.02 | 739 | 759 | 1770 | 1811 | 236 | 2.64 | 1270 [ 28 =
SOT-23-5 331 259 | 300 | 025 | 051 | 036 | 056 | 150 | 175 | 279 | 3.00 | 089 | 1.45 | 0.950 5 3
SOT-23-6 332 | 259 | 300 [ 025 | 051 | 036 | 056 | 150 | 1.75 | 279 | 300 | 089 | 145 | 0.950 6 o
—
SOT-23-8 348 | 260 | 300 | 028 | 046 | 010 | 061 150 | 175 | 2.80 | 3.00 | 090 | 1.45 | 0.650 8 (=B
MSOP-8 337 | 480 | 500 [ 028 | 038 | 046 | 066 [ 290 | 310 | 290 | 3.10 | 081 122 | 0.650 8 o
SSOP-20 334 | 739 | 820 | 023 | 038 | 056 | 094 | 500 | 559 | 691 | 749 | 196 | 201 | 0650 [ 20 <
SSOP-24 338 | 739 | 820 [ 023 | 038 | 056 | 094 | 500 | 559 | 7.90 | 851 1.96 | 201 | 0.650 | 24
SSOP-28 324 | 739 | 820 | 023 | 038 | 056 | 094 [ 500 | 559 | 9.91 | 1049 [ 196 | 201 | 0650 [ 28
SSOP-16 322 | 579 | 620 [ 020 | 030 | 041 127 | 378 | 399 | 478 | 500 | 135 | 1.75 | 0635 16
SSOP-48 333 | 10.03 | 1067 [ 020 | 033 | 051 1.02 | 739 | 759 | 1557 | 16.00 | 1.35 | 1.75 | 0635 [ 48
SSOP-56 346 | 1003 | 1067 [ 020 | 033 | 051 1.02 | 739 | 759 | 1829 | 1854 | 241 | 279 | 0635 [ 56
TABLE lll. Package Dimensions—Millimeters.
Solder Pad Recommendations for Surface-Mount Devices 3
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g FIGURE 4. Pad Dimensions.
PKG z z G G X X Y c/c D E
PACKAGE # MIN MAX MIN MAX MIN MAX REF REF REF NOM
S0-8 182 0.273 0.277 0.089 0.093 0.018 0.022 0.094 0.183 0.150 0.0500
SO-14 235 0.273 0.277 0.089 0.093 0.018 0.022 0.094 0.183 0.300 0.0500
S0-16 265 0.273 0.277 0.089 0.093 0.018 0.022 0.094 0.183 0.350 0.0500
SO-16W 211 0.447 0.451 0.254 0.258 0.018 0.022 0.099 0.353 0.350 0.0500
SO-18W 219 0.447 0.451 0.254 0.258 0.018 0.022 0.099 0.353 0.400 0.0500
SO-20W 221 0.447 0.451 0.254 0.258 0.018 0.022 0.099 0.353 0.450 0.0500
S0-24W 239 0.447 0.451 0.254 0.258 0.018 0.022 0.099 0.353 0.550 0.0500
= SO-28W 217 0.448 0.451 0.278 0.282 0.018 0.022 0.099 0.365 0.650 0.0500
=
o SOT-23-5 331 0.147 0.151 0.034 0.038 0.017 0.021 0.058 0.093 0.075 0.0374
‘5 SOT-23-6 332 0.147 0.151 0.034 0.038 0.017 0.021 0.058 0.093 0.075 0.0374
'E’ SOT-23-8 348 0.147 0.151 0.015 0.019 0.016 0.020 0.068 0.083 0.077 0.0256
) MSOP-8 337 0.226 0.230 0.097 0.101 0.014 0.018 0.066 0.164 0.077 0.0256
@ SSOP-20 334 0.351 0.355 0177 0.181 0.013 0.017 0.089 0.266 0.230 0.0256
5 SSOP-24 338 0.351 0.355 0.177 0.181 0.013 0.017 0.089 0.266 0.281 0.0256
1 SSOP-28 324 0.351 0.355 0177 0.181 0.013 0.017 0.089 0.266 0.333 0.0256
= SSOP-16 322 0.273 0.277 0.089 0.093 0.011 0.015 0.094 0.183 0.175 0.0250
SSOP-48 333 0.448 0.452 0.275 0.279 0.012 0.016 0.089 0.364 0.575 0.0250
SSOP-56 346 0.448 0.452 0.275 0.279 0.012 0.016 0.089 0.364 0.675 0.0250
TABLE |V. Pad Dimensions—Inches.
PKG z z G G X X Y c/c D E
17} PACKAGE # MIN MAX MIN MAX MIN MAX REF REF REF NOM
~N—
R S0-8 182 6.934 7.036 2.261 2.362 0.457 0.559 2.388 4.648 3.810 1.270
(=] SO-14 235 6.934 7.036 2.261 2.362 0.457 0.559 2.388 4.648 7.620 1.270
(=8 S0-16 265 6.934 7.036 2.261 2.362 0.457 0.559 2.388 4.648 8.890 1.270
%) SO-16W 211 11.354 11.455 6.452 6.553 0.457 0.559 2515 8.966 8.890 1.270
m SO-18W 219 11.354 11.455 6.452 6.553 0.457 0.559 2515 8.966 10.160 1.270
SO-20W 221 11.354 11.455 6.452 6.553 0.457 0.559 2515 8.966 11.430 1.270
= SO-24W 239 11.354 11.455 6.452 6.553 0.457 0.559 2515 8.966 13.970 1.270
E S0-28W 217 11.379 11.468 7.061 7.163 0.457 0.559 2515 9.271 16.510 1.270
.
"; SOT-23-5 331 3734 3.835 0.864 0.965 0.432 0.533 1.473 2.362 1.905 0.950
131 SOT-23-6 332 3734 3.835 0.864 0.965 0.432 0.533 1.473 2.362 1.905 0.950
©
e SOT-23-8 348 3734 3.835 0.381 0.483 0.406 0.508 1.727 2.108 1.950 0.650
= MSOP-8 337 5.740 5.842 2.464 2.565 0.356 0.457 1.676 4.166 1.950 0.650
(=5 SSOP-20 334 8.915 9.017 4.496 4.597 0.330 0.432 2.261 6.756 5.842 0.650
< SSOP-24 338 8.915 9.017 4.496 4.597 0.330 0.432 2.261 6.756 7.137 0.650
SSOP-28 324 8.915 9.017 4.496 4.597 0.330 0.432 2.261 6.756 8.458 0.650
SSOP-16 322 6.934 7.036 2.261 2.362 0.279 0.373 2.388 4.648 4.445 0.635
SSOP-48 333 11.379 11.481 6.985 7.087 0.305 0.406 2.261 9.246 14.605 0.635
SSOP-56 346 11.379 11.481 6.985 7.087 0.305 0.406 2.261 9.246 17.145 0.635

TABLE V . Pad Dimensions—Millimeters.
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#OF PKG AAND E B X NOTE: Pad sizes are the minimum recommended and may =
LEADS |DESIGNATOR| FIGURES5AND6 | FIGURE 5 FIGURE 6 be increased for improved heat dissipation. =¥
3 DCY 0.0905 (2.30) 0.03(0.76) | 0.032 (0.81) <

5 DCQ 0.05 (1.27) 0.017 (0.43) | 0.020 (0.51)

TABLE VI. Dimensions for SOT-223—Inches (mm).

Solder Pad Recommendations for Surface-Mount Devices 5
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DDPAK DEVICES

The three DDPAK surface-mount power package types all

number of leads and their associated lead dimensions.

have the same body dimensions. They differ only in the These values are given in Table VIII.

]

0.343(8.71)

0.6(15.24)

Lo 1(2.54)

-7

[~ 0.208(5.28) ———~|

L d L

FIGURE 7. DDPAK Package Dimensions—Inches (mm).

0.51(12.95)

0.45(11.43)

0.085(2.16)

———o0.2(5.08) ——~

P i s

FIGURE 8. PCB Pad Dimensions for DDPAK—inches (mm).

NOTE: Pad sizes are the minimum recommended and may

#OF PKG AANDE B X
LEADS |DESIGNATOR| FIGURES5AND6 | FIGURE 5 FIGURE 6 be increased for improved heat dissipation.
3 KTT 0.10 (2.54) 0.05 (1.27) | 0.055 (1.35)
5 KTT 0.067 (1.70) 0.032 (0.81) | 0.038 (0.97)
7 KTT 0.05 (1.27) 0.028 (0.71) | 0.035 (0.89)

TABLE VII. Dimensions for DDPAK—Inches (mm

6

).
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Texas Instruments Incorporated and its subsidiaries (Tl) reserve the right to make corrections, modifications,
enhancements, improvements, and other changes to its products and services at any time and to discontinue
any product or service without notice. Customers should obtain the latest relevant information before placing
orders and should verify that such information is current and complete. All products are sold subject to TI’s terms
and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its hardware products to the specifications applicable at the time of sale in
accordance with TI's standard warranty. Testing and other quality control techniques are used to the extent Tl
deems necessary to support this warranty. Except where mandated by government requirements, testing of all
parameters of each product is not necessarily performed.

Tl assumes no liability for applications assistance or customer product design. Customers are responsible for
their products and applications using TI components. To minimize the risks associated with customer products
and applications, customers should provide adequate design and operating safeguards.

Tl does not warrant or represent that any license, either express or implied, is granted under any Tl patent right,
copyright, mask work right, or other Tlintellectual property right relating to any combination, machine, or process
in which Tl products or services are used. Information published by Tl regarding third—party products or services
does not constitute a license from Tl to use such products or services or a warranty or endorsement thereof.
Use of such information may require a license from a third party under the patents or other intellectual property
of the third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of information in Tl data books or data sheets is permissible only if reproduction is without
alteration and is accompanied by all associated warranties, conditions, limitations, and notices. Reproduction
of this information with alteration is an unfair and deceptive business practice. Tl is not responsible or liable for
such altered documentation.

Resale of Tl products or services with statements different from or beyond the parameters stated by Tl for that

product or service voids all express and any implied warranties for the associated TI product or service and
is an unfair and deceptive business practice. Tl is not responsible or liable for any such statements.
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Thermal Design of a Notebook Li-lon Battery

Hossein Maleki, Ph.D. E-Mail: HosseinMaleki@motorola.com
Motorola Energy Systems Group

1700 Belle Meade Court

Lawrenceville, GA 30043

Abstract:

Demand for high power and small size portable electronic products is growing daily. In
particular, notebook computer applications have become more popular than anyone could have
imagined a decade ago. Today, notebook computers comprise about 54 percent of retail
computer sales because they can offer 1.2-2.0 GHz CPU’s, CD/DVD players, high resolution
LCDs, hundreds of megabits of memory, and remote information sensing. However, the
compilation of so much functionality and the associated electronics and electrical energy
requirements has created new challenges in managing potential thermal issues in this product.
One fundamental issue is that circuit components are less than 100 percent efficient, and
therefore considerable heat is generated while a notebook computer operates under power
hungry applications such as playing movies or simulating electrical/thermal design of products.
Another drawback is that rechargeable batteries used for powering notebooks self-heat while
charging/discharging because of their inherent electrical, thermodynamic and electrochemical
impedances.

This article covers basics of predicting thermal performance of a notebook battery during
operation at 42°C ambient using a combination of thermal analysis and modeling.

Introduction

Battery-Pack: Rechargeable Li-ion cells have become the power source of choice for most
portable electronic products because of their high energy densities, long cycle-lives, and practical
range of operating voltages (2.8-4.2 V). Today’s cylindrical 18650 Li-ion cells provide more than
500 Wh/L of energy. However, a limitation of Li-ion cells arises from their self-heating under
moderate/high levels of discharging current (>C-rate), or exposure to elevated temperatures.
Temperatures above 60°C degrade cycling performance of Li-ion batteries by permanently
reducing their cells capacities. However, existing notebook computers may require at least one
hour of 50 to 70-W discharge power at temperatures above 50°C. In the case of most Li-ion
notebook batteries, combinations of such power/temperature cause the Li-ion cell temperatures to
rise above 60°C. This issue becomes even more critical when using faster processors, such as a
Pentium-IV™, which dissipates twice the power (27-31.0 W) of the Pentium-lI™ (15-16 W).
Therefore, the main challenges in thermal management of Li-ion batteries are the incorporation of
electrical/thermal control parameters that allow maximum power delivery with controlled levels of
heat generation and dissipation. These may include:

1. Selection of Li-ion cells of low operating impedance. Cell impedance plays a critical role in
increasing the temperature of a Li-ion battery, especially during discharge. A typical 2.2-Ah
18650 Li-ion cell generates five to six times more heat during discharge than charge, under
application of 2.2-A current. Figure 1A and 1B show heat generation profiles of Li-ion cells
from 4 different manufactures. Note that the heat generation among these cells is different,
especially at high discharge power (10 W). Another important design issue is that the
temperature rise and capacity of Li-ion cells depends on the types and manufacturer, the
discharge rate, and the ambient temperature (see Figures 2 and 4 for details).

2. Selection of charge/discharge control electronics with thermal breakdown limits 20-30°C
higher than their maximum operating temperature.

3. Printed circuit board (PCB) capable of removing sufficient amount of heat from thermally
sensitive and hot electronics such as charge/discharge control FETs and sense resistors.
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Motorola Energy Systems Group

4. Charge/discharge currents appropriate to the thermal stability limits of both Li-ion cells and
electronics, as well as the heat dissipation capability of the battery housing and covers.

5. Utilization of low cost battery housing materials that meet design’s thermal/mechanical
property requirements (thermal conduction, softening/melting point and impact resistance).
Thermal conductivity of most plastics (e.g. cycoloy and Laxen) used for battery housings
range between 0.3 to 0.40 W/m.K. These conductivity values are less than optimum for
keeping battery internal temperature to a minimum. However, plastic-housing materials of
higher thermal conductivity than 0.4 W/m.K are costly and also typically does not offer
sufficient mechanical strength.

6. Safety protection against abnormal operating conditions such as over/under charge voltages,
high charge/discharge currents and temperatures, and components’ failure mechanisms such
as the ability to open an over-voltage fuse in the event of loss of battery charge control.

Li-lon Cells: Manufacturing Li-ion cells with optimized cooling capability is more challenging
than battery packs because of the opposing nature of increasing cell energy density versus design
parameters needed to improve cooling. A Li-ion cell consists of a carbon-based material coated on
copper foil (anode); a porous polymer membrane (separator); and lithium metal oxide (LiMO,,
M=Co, Ni, or Mn) based material coated on aluminum foil (cathode). A mixture of lithium salt and
inorganic solvents provides a medium for lithium ions to shuttle between cathode and anode.
Aluminum and copper foils are the main means of transferring heat from the cell interior to the
outside surface of the cell can. Cell’s can thickness or thermal mass plays a critical role in
balancing the heat generation and dissipation from the cell.

To achieve Li-ion cells’ high capacities, some progress has been made in producing active
cathode and anode materials of higher energy density. This has been achieved mainly though
stabilization, structural, and surface morphology of cathode and anode materials, as well as
selection of electrolytes with correct combinations of organic solvents and lithium salts. Today’s
LiCoO, cells provide capacity values near their theoretical limit (137 mAh/g); and most carbons
have less than 6 percent irreversible capacity loss. This increase in capacity, however, could not
match the electronics market demand for high energy density batteries. To meet this market
demand, manufacturers are forced to increase the amount of cell active materials at the expense
of using thinner current collectors, cell-can and separator; and denser cathode and anode
coatings. However, large efforts underway to develop and produce cathodes [mixed oxides: Li
(Ni:Co:Mn)O;] with capacity values about one-and-half times that of LiCoO,; and anode (metal
alloys, Si:Sn) materials with capacity values two times that of graphite (370 mAh/g).

Workbook
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Battery Pack Thermal Modeling

Modeling has been used to predict the thermal behavior of Li-ion cells over a wide range of
operating conditions. However, very little simulation has been done on the thermal management of
batteries for portable electronics, especially where strings of Li-ion cells are compiled in plastic
enclosures. Design of reliable Li-ion batteries is complex and very much depends on the product
application, type of cell, and the electronics used. Generally, multiple levels of controls are used to
protect notebook batteries against overcharge, over/under currents, electrical hard/soft short
circuits, and abnormal temperature rise. Some batteries utilize architectures where the battery has
integrated control ICs capable of leveling cells’ voltages during charge and to track temperature
rise during discharge.

This article covers the basics of modeling thermal response of the electronics and Li-ion cells
used to develop a notebook computer battery. The battery consisted of eight 2.2-Ah 18650 cells, and
modeled for operation (charge to 16.8 V at 2.2 A and discharge at 55-W of constant power until pack
voltage dropped to 12 V) at 42°C ambient. Experimental data in support of the modeling results are
also included.

Li-lon Cells: During discharge, Li-ion cells convert electrochemical energy to electrical
energy, and the reverse takes place during charge. Li-ion cells self heat during operation because
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of their associated impedance due to IR-drop, polarization, and thermodynamic effects. Total heat
generation of a Li-ion cell can be expressed as:

. dv
Q=1(V,, —V,,)-I (Tﬁ)
Here, the | is cell operation current (A); Vo., and V,, are open circuit and operation voltages (V); T,
is ambient temperature (K); and dV, is cell voltage variation versus cell temperature rise. The term
I (Voov — Vop), is “irreversible” heat; and | (TdV/dT) term is considered as “reversible” heat since it
becomes exothermic during discharge and endothermic during charge. The irreversible heat is
measured using a current interruption method and the reversible heat using a calorimetric method [1].
Note the modeling approach here is based on measuring real time heat profile of cells, not
theoretical calculations. This provides more accurate results on predicting the thermal response of
a battery pack for given operating conditions. The heat generation profile of a single Li-ion cell is
nearly the same regardless of its assembly configuration [2]. Therefore, the measured heat
generation profile from one cell can be assigned to any cell in the battery pack. Such an approach
allows building thermal models of battery packs with multiple cells simply by measuring the heat
generation profile of a single cell rather than building a battery pack first and then measuring its
total heat generation. This reduces thermal modeling and design cycle-time for battery packs,
without compromising accuracy.

Workbook

Electronic Components: Detailed modeling is often necessary for thermal simulation of
electronic components such as power ICs. However, it is not practical to model battery products,
including all electronic components, to the degree of detail used in single-device simulation.
Detailed information on simplification of modeling of electronics components is provided elsewhere
[3,4]. Here, the capacitors and inductors were treated as a lumped system. Methods of calculating
effective density (p), heat capacity (Cp), and thermal conductivity (K) values for lumped electronic
parts are covered elsewhere [2,6]. Critical components (PCB, FETs, diodes and temperature
sensors) were modeled in detail. The soldering material (Pb 39.2%; Sn 60.8%) thickness was 60
pm.

Table 1 lists the power dissipation values for the battery pack’s components during discharge
and charge. The values were calculated based on the currents providing 55 W constant power
during discharge, and current needed to charge the battery pack to its full level in ~2 hours. The
real-time electronics and Li-ion cells power dissipation were used to simulate the battery pack
thermal response including for the condition noted above.

Presentation

Printed Circuit Board (PCB): PCBs are made of multiple layers of thin copper foils and a
dielectric material (FR4) with many thermal and electrical vias. Because of the copper-layers,
PCBs have a significantly higher thermal conductivity along the in-plane direction than in the cross-
plane. Therefore, an orthotropic thermal conductivity was applied in order to account for the
differences in PCBs’ characteristics (geometry, thickness, and number as well as percentages of
copper layer coverage) for the in-plane versus cross-plane direction.

Results:

Table 1 provides the maximum temperature rise values (measured vs. simulated) for the cells
and the critical electronic components in the battery at the end of a discharge and charge step. The
overall results show that the battery pack’s interior temperature during discharge is dominated by
the heat dissipation from the cells; and during charge, by the power dissipation from the control
electronics. Other critical issues identified were that the cells temperature increased above 60°C,
and the non-uniformity in temperature distribution developed. Localized temperature of the cell
closest to electronics reached 70°C. Figure 4 shows thermal profile of the battery at the end of
discharge.
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Conclusion:

This article demonstrates the effectiveness of thermal modeling and the accuracy of the
methodology selected in the thermal management of a notebook computer battery pack. The use
of thermal modeling facilitated selection of thermally efficient electronic components and circuit
board design for the required charge/discharge power and operating temperature limits. These
benefits reduced cycle-time for overall product development and increased the product reliability
and quality. In addition, this exercise indicated the presence of a non-uniform temperature
distribution inside the battery pack that can lead to variation in the capacity loss of the Li-ion cells
and ultimately reduce the battery pack’s cycle-life and reliability. Motorola Energy Systems Group
is continuing to improve thermal modeling to drive better performing batteries for notebook
computes and other applications.

% Acknowledgement: Author thanks Jason Howard and Richard Kroeger of Motorola Energy
_g Systems Groups for their contributions for preparing this article.
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3 Table 1. Heat generation and temperature rise of the electronic components and
E cells in battery-pack during discharge and charge
5 Temperature Rise (°C)
S Electronic Components Heat | End of the Discharge End of Charge
R Components Generation (W) (12.0V) (16.8 V)
Discharge | Charge Expr. Model Expr. Model
Capacitor 0.0 0.0829 66 64-66 65 58-61
Based on | Based on
Cells profile profile 60 62-70 52 45-51
7 Charge Control IC 0.0042 0.5 66 64-67 71 58-67
t: Diode-B, D2 off 0.0 65 65-68 67 60-61
=) Diode-F, D1 0.0 0.0451 65 65-66 66 58-61
% Fuel Gauge 0.000825 | 0.000825 63 64-66 62 59
a1 Charge FET 0.00475 0.4639 65 66-68 72 65-69
= Discharge FET 0.1447 0.0501 71 66-67 66 59-62
= Bypass Discharge
i; FET 0.1102 0.0 66 66-67 66 60-61
o Sense Resistor 0.3216 0.1113 87 76-83 64 58-61
i Inductor 0.009 0.4103 66 64-68 68 60-63
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Figure-1: Heat generation profiles of 2.2-Ah 18650 Li-ion cells from four different
manufacturers discharged at 7.5 W and 40-41°C ambient. Note variation in heat
generation among the cells, especially at higher discharge power.
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Figure-2: Temperature rise of a 2.2-Ah
18650 Li-ion cell discharged at 6.25-10W
and at 27 and 65°C ambient.

70 T T T T T T T T T T T T T
AQQ Ambient 60°C

60+ o =y |
—_ o
o <
E Discharge Power -E‘
i 50- ——625W . §
a —— 7.50W 8
E 8.75W °
= ——10.0W 2
£ 401 ) <
< Ambient <
»n [%]
= 2
© [=]
o

30 4

_f Ambient 27°d
20 T 1 T T 1T 1T 71
0 40 80 120 160 200 240
Time (min)

32 T v T v T v T v T
28 4-Menufacturers / % 4
Discharge Power 10.0W . f
244 Anhient4041°C T
»0] S /o e / ]
_— ' O/

16{ = i
12 // ° /»-/.

£ ./ ™ T
08- T/ 1
04] o 1

00—

Figure-3: Discharge capacity values of 2.2-Ah
18650 Li-ion cells from three different
manufacturers discharged at various power
and ambient temperatures.
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Figure 4: Thermal profiles of a notebook computer at end of charge and discharge.
Note non-uniform temperature distribution among the cells in this battery pack.
The temperature of the cell closest to the electronics reached 70°C.
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Motorola and the Stylized M Logo are registered in the US Patent & Trademark Office.
All other product or service names are the property of their respective owners.
©Motorola, Inc. 2004. Reprinted with permission.
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