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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.

I. INTRODUCTION

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
charger-related system-level details enables the
designer to incorporate features and functions not
present in common DC/DC converters.

This paper discusses the most common benefits
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
on buck switching charger design; synchronous
versus nonsynchronous operation; power dissipation
and switching frequency; the impact of AC adapter
voltage range on converter design; MOSFET selec-
tion; loop-compensation requirements for battery-
pack loads; and safety and fault-protection circuits.

II. CONVERTER TOPOLOGY

A. Overview

There are currently two major topologies used
to implement buck converters targeted at battery-
pack-charging applications: synchronous and
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.

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

* Ambient temperature range

» Converter switching frequency

» Target PCB area

* Availability of system resources dedicated to
power-management functions

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

B. Basic Buck-Converter Topologies and
High-Side FET Selection

Nonsynchronous buck converters represent one
of the earliest implementations of switching regula-
tors; a simplified circuit for a nonsynchronous buck
converter is shown in Fig. 1. A single switch (S1) is
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Fig. 1. Simplified nonsynchronous topology.
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closed during a time (tgy) connecting the AC
adapter voltage to the inductor. When the switch
opens during the off time (torp), 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).
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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.
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Fig. 3. NMOS FET (left) and PMOS FET.

Typically the NMOS devices have the advan-
tage of a lower Rpgiony) 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,
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Fig. 4. Rpsion) and Qs 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

Mode 2
(torp)

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
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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.
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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).

—— Dead Time
l L I l ON il o ! [ar] i e I_
; ST OFFTIB|||BITI 1 >t
Q V. V, 1 2b
VIN T SW ouT 2c 2a 2c <— Mode #
Mode 1 + li]_ VIN
oae p—
(ton) N - it T Vsw | | | |
® L
X -Vg
Vsw =-Vr Vourt
ot T~ T~ T~
Modes 2a and 2c T 1 I
(torr) VF+ I T T >t
L
Vsw = —Vbs(on) v, VouT b~ — —m ~— — ~— —

Hose 2 o s Q% % %

v

Fig. 8. Modes of operation and waveforms for a synchronous buck converter.

Workbook 4-4



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).

PWM Switch-Gate Voltage Clamp
510 10 V Below Vo

Controller IC

Pack

D1

(Optional) ;;

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 Rpgony.

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 5 V.

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.
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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:

V;
V. —V .| _YouTt )
Lo VisMtoy :( v ~Your) (VIN-fS
Al Al

L L

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.
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Fig. 12. Output inductor versus switching
frequency at Viy = 10 Vand Viy =20 V.

The output capacitor is determined with the
following formula:

Vv
.| Yout
Al (VIN'fS]
C_

AV,

where AV is the capacitor output voltage ripple.
This is plotted in Fig. 13 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 20V,
AIL =600 mA, 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 T“FON_T TPON_B " "Rgpgg LT 1C

given by

2
Pon T =Rpson) T° (VD Ioyr)
where Rpg(on T 18 for the zop control MOSFET.

2
Pon_B=Rpsion) B {\/ (1 ‘D)‘[fs (o + td2)] ‘IOUT}
where Rpgon) g 18 for the bottom synchronous
MOSFET, and tg4; and ty, are the dead times.

P =R
RSENsE

ol 2
RSENSE OouT

where RggnsE 1s the current sense resistor.
Py inductor power loss, excluding AC losses, is

_ . 2
PL - RDCR IOUT
where Rpcg is the series resistance of the output

inductor.
P¢ capacitor power loss is

P =Rpgp X (VD *Igyr )2

where Rpgr 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 +Pop
The top high-side power FET switching losses are

QGSI_T + QGD_T VIN ¢ IOUT
. . fS
IG 2

Psw r =

where Qgg 1s the gate-to-source charge, and Qgp
is the gate-to-drain Miller gate charge of the top
control MOSFET.

C e Vi 2
_ 0ss * VIN
Psw B = {( Qrr_B*VIN )+ 3 }‘fs

including the reverse recovery, Qrgr, losses and
output capacitance, Cpgg, of the lower synchro-
nous MOSFET.

Pserr = Ve *lour *(tar +taz)*fs
where Vg is the forward voltage of the Schottky

diode in parallel with the low-side synchronous
FET, and t4; and ty, are the dead times.

Fop = Vin *(Qgstor 1+ Qastor B)*fs

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

25
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Power Losses - W
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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.

0.5 —

Switching Power Losses - W

0.1 0.5 1.0 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 (Tjmax))>
the ambient temperature (T,), and the package
thermal junction-to-ambient resistance (Rgja).

P _ TJ (max) — TA
L =
OSS(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 II
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 battery 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.

lgaT | B+

lg— | VBaT

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

Fig. 17. Reverse battery leakage path from
battery to input when Vi < Vayr.
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Fig. 18. Protecting reverse leakage from battery
to input with a Schottky diode.
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Fig. 19. Protecting reverse leakage from battery
to input with a synchronous PMOS FET.
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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 IBAT
47

VIN

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

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.

."__ V|‘N = 7\( —I.—'—"—

A i
Ayt iy o

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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Fig. 24. Switching-node voltage with continuous
inductor-current conduction when current is
always positive.
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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 IB IB = PB/VB
(Pg = Constant)
B- B- B-

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

O
Bat _— No Bat
B- O——r B- O—

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

Voltage-
Dependent
Source

(Pg = Constant)

B+ Voltage-
Dependent
Source
No
Bat IB = PB/VB

(Pg = Constant)

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.

Bro—— WAy B oV
s L s Lk
s e s Ve
B-o ® B-o ¢

Fig. 29. Large-signal model of a battery.
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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.
_ton _ Your
TS VIN

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

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 tox 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.
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* The hysteretic method varies both on time and
off time, thus varying the frequency.
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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-uF 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.

———————————————

Adapter
Cable

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 N\ _T_o Pack

D1

v

VREG
BOOST
PHASE

LSD|—————__

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.

ICH(an)

I O
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L1 1 ik

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 Detection/Action

Charge time exceeds normal charging time Monitor converter on time; End charge

Battery-pack temperature is out of range

Monitor pack thermistor; End charge
Converter-IC temperature exceeds safe operating range Monitor converter-IC junction temperature (thermal
shutdown); End charge

Charge current exceeds target value while pack
is connected

Monitor charge current; End charge

.
=
=

=

=
2
=

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

Detect pack removal; End charge

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

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

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

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

OPTIONAL

MUST HAVE
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