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Introduction

Portable media players and smartphones have become
very popular over the past five years. The portable media
player is a handheld device that can record and play back
audio/video from a TV, DVD player, camera, or media file
downloaded from the Internet. A smartphone is a mobile
phone offering advanced capabilities beyond those of a
typical mobile phone, often with PC-like functionality.
Most smartphones can operate as complete personal orga-
nizers that support full-featured email programs. Other
features might include a miniature “qwerty” keyboard; a
touch screen; a built-in camera; contact management;
built-in navigation hardware and software; the ability to
read business documents in a variety of formats such as
Adobe® Acrobat® and Microsoft® Office files; and media
software for playing music, browsing photos, and viewing
video clips or Internet browsers.

The high demand of smartphones for increased power to
perform these tasks reduces battery run time. A common
way to extend battery run time is to design the power-
conversion system to be more efficient by using high-
efficiency, synchronous switching regulators instead of
linear regulators. To extend the battery standby time, the
DC/DC converters can be designed to optimize the light-
load efficiency by operating in pulse-frequency-modulation
mode, while the pulse-width-modulated controller IC oper-
ates in low-quiescent-current mode during system standby.

In addition to extending battery life, three very impor-
tant parts of portable-power design are system safety, bat-
tery charging, and fuel-gauging accuracy. These are the
focus of this article.

Improving battery safety

Due to their high gravimetric and volumetric energy den-
sity, Li-Ion and Li-Polymer batteries are widely used in
portable devices. One of the greatest design challenges is
the safety of the battery-operated system. There have been
several recalls of battery-operated portable devices such as
laptop computers and cellular phones due to safety issues
arising from the use of counterfeit batteries. Memory chips
with a unique battery-identification number, such as the
Texas Instruments (TT) bq2022A or a SHA-1-based security
chip such as the TI bg26100, can verify whether a battery
is from an authorized vendor and therefore safe to use.
Battery temperature is another critical parameter for
battery safety. An excessive operating temperature accel-
erates cell degradation and causes thermal runaway and
explosion in Li-lon batteries. This is a specific concern
with this type of battery because of its highly aggressive

Analog Applications Journal 1Q 2009

www.ti.com/aa

active material. Rapid temperature increases can occur if a
battery is overcharged at high current or has an internal
short. During overcharging of a Li-Ion battery, active
metallic lithium is deposited onto the anode. This material
dramatically increases the danger of explosion that can
occur when it reacts with a variety of materials, including
electrolyte and cathode materials. For example, a lithium/
carbon-intercalated compound reacts with water, and the
released hydrogen can be ignited by the heat of the reac-
tion. Cathode material such as LiCoO, starts reacting with
the electrolyte when the temperature exceeds its thermal-
runaway threshold of 175°C with 4.3-V cell voltage. On the
other hand, charging a battery at low temperatures also
shortens battery life, since the lithium ion can be deposited
onto the anode and become the metallic lithium that easily
reacts with the electrolyte. The lithium ion permanently
disappears and no longer participates in the energy storage.

It is very critical for a battery-charge-management cir-
cuit to monitor the battery temperature. The battery
charge current and charge voltage can be adjusted to
maintain battery temperature within limits specified by
the manufacturer. A thermistor is usually used to monitor
the Li-Ion cell temperature for cell overtemperature pro-
tection. For example, a Li-Ion battery is usually not
allowed to charge when the cell temperature is below 0°C
or above 45°C; nor is it allowed to discharge when the cell
temperature is above 65°C.

The battery is deeply discharged when its voltage is
below 3.0 V. A precharge safety timer is often used to
detect whether the battery has an internal short circuit.
The safety timer can trigger a warning signal to be sent to
the end user if the battery could not charge to 3.0 V within
the specified precharge time period. The fast-charge safety
timer provides another level of protection, terminating the
battery charging if the timer expires due to an unexpected
system failure.

Battery-charge-management ICs such as TI's bq24060
and bq24070 typically include battery-temperature moni-
toring and precharge and fast-charge safety timers to
improve battery safety.

Operating the system while charging a deeply
discharged battery

In many portable media applications, being able to operate
the system while simultaneously charging a deeply dis-
charged battery is desirable, since the end user may make
a phone call or play games regardless of the battery condi-
tion as long as the adapter is available.
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Figure 1 shows a commonly used battery-charging and
system-power architecture where the system is directly
connected to the battery. This architecture is simple and
low-cost, but connecting a system load to the battery can
cause various issues.

In this configuration, the charger output current, Iy, is
not dedicated to charging the battery but shared between
the system and the charger. Therefore, the charger cannot
directly monitor and control the battery’s effective charge
current.

A small precharge current is used to charge a deeply
discharged battery when the cell voltage falls below 3.0 V.
The system load, Igyg, uses some portion of this current,
making the effective charge current even smaller. This not
only increases battery charging time but may also cause a
false expiration of the precharge timer because the battery
voltage cannot rise to 3.0 V within the precharge time
period. It's even possible for the system current to be
larger than the precharge current, thereby discharging the
battery instead of charging it. In addition, a minimum sys-
tem bus voltage of 3.0 V is usually required to operate the
system in many portable applications. The system cannot
operate when a deeply discharged battery voltage is used
as the system bus voltage in this power architecture.

These issues are caused by the interaction between the
charger and the system, which can be eliminated by pow-
ering the system and charging the battery via independent
power paths. This technique is known as power-path man-
agement (PPM).

Figure 2 shows a simplified block diagram of a PPM
configuration. MOSFET Q1 is used either as a switch or
to preregulate the system bus voltage, Vo, at a set value
such as 4.4 V (for example). Either way, a direct path
from the input to the system is established for providing
power to the system. MOSFET Q2 is dedicated to fully
controlling the battery charging, so the system no longer
interferes, and the false safety-timer expiration is com-
pletely eliminated. System operation is guaranteed and
independent of the battery conditions whenever the
adapter is available.

Another technique for supplying system power and
charging the battery simultaneously is dynamic PPM
(DPPM). DPPM monitors the system bus voltage, Vo, for
drops in input power that are due to current limiting or
removal of the input supply. When the current required by
the system and battery charger is greater than the input
current available from the AC adapter or USB, the bus
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Figure 1. Block diagram of battery-charging
and system-power architecture
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Figure 2. Simplified block diagram of PPM
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output capacitor, Coyr, starts to discharge, causing the
system bus voltage to drop. Once the system bus voltage
falls to the preset DPPM threshold, the charge current is
reduced so that the total current demand from the system
and battery charger is equal to the maximum current
available from the adapter. This maximizes the use of the
power available from the adapter or USB. Most system
loads are very dynamic, with a high peak current. Since
the average power from the system is much smaller than
its peak power, the adapter will be overdesigned if its
power rating is based on the peak power from the system
and battery charger. DPPM allows the designer to use a
smaller power rating and a less expensive AC adapter.
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Figure 3. DPPM battery charger
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Figure 3 shows an example DPPM Li-Ion
battery charger. A thermal regulation loop
reduces the charge current to prevent the
silicon temperature from exceeding 125°C.
Whenever the charge current is reduced 4.2
because of active thermal regulationor | @ N~~~ T T T T T T T T T T T T T T . ....
active DPPM, the safety timer’s precharge Open-Circuit
time is automatically increased to elimi- Voltage (OCV)
nate a false safety-timer expiration.

Figure 4. Performance of typical voltage-based fuel gauge
with bar indicators
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Fuel-gauging accuracy

Some of the end user’s most commonly
asked questions include: “How much
battery life do I have left in my portable
device? How many songs or games can |
play with my portable device?” A few
simple bar indicators in cellular phones,
for example, may not be enough to answer
these questions. Battery state-of-charge !
(SOC) indication has evolved from a Battery Capacity Quse  Quax
simple warning to a more complex system-
level use of the information, such as soft
shutdown to prevent data loss. An error in

&
»

Battery Voltage (V)
ot
o

I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

capacity estimation equivalently reduces the usable run method suffers from changes in battery resistance over

time available to the end user. Using a capacity indicator time. The battery voltage is given by

with 10% error is the same as using a battery with 10% vV Vo —IXR (D

less capacity or a power-conversion system with 10% BAT oev BAT

less efficiency. where Vv is the battery open-circuit voltage (OCV) and
Conventional fuel-gauging technologies, mainly the Rparis the battery internal DC resistance. Figure 4 shows

voltage-based and the coulomb-counting algorithms, have the relationship between the battery voltage and the fuel-

obvious performance limitations. Widely adopted in hand- gauge bar indicators. Many end users have experienced

held devices such as cellular phones, the voltage-based fuel-gauge bar jumps and sudden system shutdown when
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the usable capacity, Qqj., has fallen below Qy4x because of
an increase in internal resistance. The coulomb-counting
method takes the alternative approach by continuously
integrating coulombs to compute the consumed charge
and SOC. With a previously determined value for full capac-
ity, the remaining capacity can be obtained. The drawback
of this approach is that self-discharge is difficult to model
since it is a function of aging and temperature. Without
periodic full-cycle calibration, the gauging error accrues
over time. Neither of these algorithms addresses the resist-
ance variations of the battery. To avoid an unexpected
shutdown, the designer must reserve more capacity by
terminating system operation prematurely, leaving a signif-
icant amount of energy unused.

TT's patented Impedance Track™ technology is a unique
and much more accurate method of determining the
remaining battery capacity than either the voltage-based
or the coulomb-counting algorithm alone. It actually uses
both techniques to overcome the effects of aging, self-
discharge and temperature variations. The Impedance
Track technology implements a dynamic modeling algo-
rithm to learn and track the battery’s characteristics by
first measuring and then tracking the impedance and
capacity changes during actual battery use. It provides
near-real-time information such as the battery’s run time,
maximum operating temperature, cycle count, maximum
cell voltage, and maximum charging and discharging cur-
rent. It is a self-learning mechanism that accounts for the
no-load chemical capacity (Qyax) and the aging effects
that cause the battery’s resistance to change. Compensa-
tion for load and temperature is modeled accurately with
the aid of cell-impedance knowledge. With this algorithm,
no periodic full-cycle capacity learning is required. System
design can be relieved from conservative shutdown, allow-
ing the battery’s full capacity to be utilized. Most important,
fuel-gauging accuracy can be maintained during the whole
lifetime of the battery.

For Impedance Track technology to work, a database of
tables must be constantly maintained to keep battery
resistance (Rpp) as a function of depth of discharge
(DOD) and temperature. To understand when these tables
are updated or utilized, we need to know what operations
occur during different states. Several current thresholds
are programmed into the nonvolatile gauge memory to
define a charge; a discharge; and “relaxation time,” which
is time that allows the battery voltage to stabilize after
charging or discharging ceases.

Before a handheld device is turned on, the Impedance
Track technology determines the exact SOC by measuring
the battery OCV, then correlating it with the OCV(DOD,T)
table stored in the IC. When the device operates in an
active mode and a load is applied, current-integration-
based coulomb counting begins. Integration of the passed
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charge measured by the coulomb counter is used to con-
tinuously calculate the SOC.

The total battery capacity, Qyax, is generally reduced by
3 to 5% after 100 cycles. To know the real maximum
capacity of the battery, we need to measure and update
Qpax- The total capacity is calculated through two OCV
readings taken at fully relaxed states when the variation of
battery voltage is small enough before and after charge or
discharge activity. As an example, before the battery is
discharged, the SOC is given by

SOC, = i , (2)
MAX

where Q; is the available charge from the battery before
discharge. After the battery is discharged with a passed
charge of AQ, the SOC is given by
SOC, = Qy , 3)
MAX

where Q is the available charge from the battery after
discharge. Subtracting and rearranging these two equa-
tions yields

AQ

Qhiax ISOC,-S0C,|’ @
where AQ = Q; — Q. Equation 4 illustrates that it is not
necessary to have a complete charge and discharge cycle
to determine the total battery capacity, which means the
time-consuming battery-learning cycle can be eliminated
from pack manufacturing.

The battery-resistance table, Rp,p(DOD,T), is updated
constantly during discharge, and the resistance is calcu-
lated as

Rpar (DOD,T) =
OCV(DOD, T) - Battery Voltage Under Load
Average Load Current '

5)

This enables the Impedance Track technology to compute
when the termination voltage will be reached at the pres-
ent load and temperature. Knowing the battery resistance,
we can determine the remaining capacity (RM) using a
voltage-simulation method in the firmware. Simulation
starts from the present SOCg,,, and the future battery-
voltage profile is calculated under the same load currents
by decreasing SOC repeatedly in small steps. When the
simulated battery voltage, Vgar(SOC,; T), reaches the
battery termination voltage, typically 3.0 V, the SOC corre-
sponding to this voltage is captured as SOCg;,,;- RM can
then be calculated as

RM = (SOCg;ar =SOCpina )X Quax - (6)
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Figure 5 shows a typical circuit that uses a system-side
Impedance Track fuel gauge, the bq27500-V120, in a por-
table media application. To accurately compensate for the
aging effect, the battery impedance is measured in real
time and updated in every battery-discharge cycle. Up to
99% fuel-gauge accuracy can be achieved over the lifetime
of the battery.

Conclusion

Battery-power management plays a critical role in battery
safety by preventing overcharging, overdischarging, and
overtemperature conditions. The PPM battery charger can
operate the system while simultaneously charging a deeply

Impedance Track fuel gauge

Figure 5. Typical application circuit with single-cell

Power Management

discharged battery. PPM also eliminates charger and sys-
tem interaction by providing separate power paths from
the input power source to the system and the battery. The
Impedance Track fuel gauge reports the remaining battery
capacity with up to 99% accuracy, providing full use of all
available battery energy and extending battery run time.
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