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1. Charging principle

1.1 Introduction

Due to the rise of portable electrical systems and products using rechargeable batteries
as their power supply, there are many choices for different charging methods, such as
special power management ICs, MCUs, or even simple logic parts.

Low cost, high performance NXP MCUs can be used for Li-ion battery charging. Due to
their high performance, they can also perform other “housekeeping” tasks concurrently.

The solution detailed in this application note is suitable for charging single cell Li-lon
batteries.

CAUTION: Li-lon batteries should never be subjected to over-charging as this can
affect the battery life as well as cause a safety hazard.

1.2 Charging phase

For most chargers, the charging procedure is divided into four main phases:
1. Pre-charge phase (depending upon the battery condition)
2. Constant-current charge phase
3. Constant-voltage charge phase
4. An optional timed constant-voltage charge phase

The pre-charge phase is used when the battery cell voltage is initially below 3.0 V. In the
pre-charge phase, a low constant-current charge protects the battery in this low voltage
state. However, in most recharging situations, this phase may be skipped and charging
may proceed to the next phase for batteries that still have a certain voltage remaining,

The constant-current and constant-voltage phases are the main charging phases for
recharging the batteries, where most of the charging energy is transferred into the
battery. The maximum charging current for a battery is dependent upon the battery’s
rated capacity. Li-lon batteries are typically charged between 0.5 C and 1 C in the
constant-current stage, with the value determined by the battery manufacturer. For
example, a battery rated 700 mAh can usually be charged at 350 mA, but this may be as
high as 700 mA, depending on the manufacturer’s specification.

In the next charging phase, the microcontroller maintains a constant charging voltage,
while monitoring the charging current to determine when the charging procedure should
be completed.

When the battery is fully charged, any additional charge will be converted into thermal
energy. This can result in a temperature rise in the battery. In this case, the temperature
monitoring function can be added to the solution. Many Li-lon battery modules have this
over-charging protection function built in, so the temperature detect function may not be
required.
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1.3 Buck converter

1.3.1 Buck converter operation

A buck converter is usually used in the constant-current and voltage charge phases, and
is the most economical way to create a tapered termination charge. A buck converter is a
switching regulator that uses an inductor as an energy storage device.

2-2 =

Fig 1. Buck converter with switch closed
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Fig 2. Buck converter with switch open

AN11139

The charging switch SW1 is controlled by the microcontroller’'s PWM. When the switch is
closed, current will flow as shown in Fig 1. The capacitor C1 is charged by the power
supply through inductor L1. When the switch is open, as shown in Fig 2, the inductor will
try to maintain its current flow by inducing a voltage, as the current through an inductor
can’t change instantaneously. The current flows through the diode and the battery, then
the cycle repeats itself.

When we reduce the switch closed time (the PWM duty cycle is decreased), the average
voltage decreases while an increase in the duty cycle will increase the average voltage.
Therefore, controlling the duty cycle allows us to regulate the charging voltage or the
charging current to achieve the desired characteristics.

All information provided in this document is subject to legal disclaimers. © NXP B.V. 2012. All rights reserved.
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1.3.2 Buck converter inductor selection
Converter inductor selection can be calculated by using the following equation:
L = (Vi— Vsa - Vo) * (T * DutyCycle) / (2 * I,)
e V;: charger voltage input to switch
* Vg, voltage loss on switch when switch is on
¢ \/,: voltage output
e T: the period of the PWM
e DutyCycle: the duty cycle of the PWM
e |, current output (the current for constant-current charge)

As this equation shows, a higher PWM switching frequency (smaller T) allows the use of
smaller inductors, which lowers the cost.

Note that the capacitor in this circuit is simply a ripple reducer, with larger values
producing better ripple rejection.

2. LPC111x charger solution

This solution uses the NXP LPC111x as the controller for an off-line Li-lon battery
charger. It alternates constant-current charging and constant-voltage charging for fast
charging, with LEDs as status indicators.

2.1 LPC1l11x features

The LPC111x is a low-cost Cortex-MO microcontroller family with 4 kB of flash and 1 kB
SRAM in the LPC1110 to 32 kB flash and 4 kB SRAM in the LPC1114. The flash
memory can be programmed in-circuit.

These microcontrollers have 10-bit ADCs, four timers (two 32-bit and two 16-bit timers),
as well as other peripherals, such as SPI, I12C, and a UART. The 16-bit timer is used for
the PWM output of the buck converter, saving the 32-bit timers for other purposes. As the
frequency of the PWM is not critical, the internal 12 MHz (x1 %) RC oscillator is used,
saving the cost of a crystal.

The LQFP package was used for this project; however, the code size is small enough to
fit into the 20-pin LPC1110FD20.
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Fig 3. LPC111x pin configuration
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2.2
221

2.2.2

Key design points for this solution
Precise power source supply for LPC111x

Because the Vpp voltage for LPC111x is used as the reference voltage for the A/D
converter, its precision is very important. An LDO regulator is required for this. Ferrite
beads were added for additional filtering of the microcontroller’'s supply voltage, however,
this may not be needed.

PWM output to control charging voltage

The LPC111x provides a PWM output for the buck converter switch control. When using
the on-chip RC oscillator and PLL, the clock speed of the microcontroller is 48 MHz,
allowing the PWM frequency to be set to 192 kHz, and the buck converter’s “on” time is
then adjusted by the PWM duty cycle. The duty cycle of the PWM has a resolution of 250
steps when operating at 192 kHz. The higher PWM frequency allows the use of a smaller
inductor and output capacitor.
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2.2.3

2.3

Off-line Li-lon battery charger solution with the LPC111x family

It is also possible to create other PWM frequency and resolution combinations. For
example, you could use a 96 kHz PWM with a 500 step resolution, or you could go up to
480 kHz with a 100 step resolution.

Apply ADC for battery charging voltage and current measurement

The LPC111x with 10-bit on-chip high speed A/D converters provides superior accuracy
for monitoring charging voltage and current. It is critical to prevent overcharging in Li-lon
applications. It provides maximum effectiveness, safety, and longer battery life.

Selecting buck converter inductor

The minimum value for the inductor used for the buck converter can be calculated using
the following Equation:

L = (Vi - Vsat - Vidiode - Vo) * (T * DutyCycle) / (2 * 1,)

Assuming V;is 5.1 V, the Vg, of the PNP pass transistor (at lo = 350 mA) is 0.15 V, the Vs
of the Schottky diode is approximately 350 mV, the desired output voltage V, is 4.2 V, the
desired output charge current lo is 0.35 A, 1/T is 192 kHz, and the Duty Cycle is 50 %. In
our circuit we also added a Schottky diode for reverse supply protection, so this should
be taken into consideration if added in the user application.

The inductor should be at least 1.5 uH. In this solution, we will use a value of 10 uH for
the buck converter inductor.

Note that if you would like to use a higher input voltage, you must use a higher frequency
PWM, or you must use larger value inductor (at a greater cost), so a suitable input
voltage is something that must be considered.

3. Specification

3.1

Input specification
¢ Input voltage DC 5.1V
¢ Input voltage min: 5.0 V, max: 5.5V
e Input current 500 mA
e Input current limit min; 400 mA
¢ Input ripple max: 50 mV (peak-to-peak)

3.2 Output specification

AN11139

¢ Output voltage (V,) (Constant-Voltage Charging) DC 4.2 +1 %
Output voltage min: 0 V, max: 4.27 V

Output current (constant-current charging) 350 mA + 10 %

Output current min: 0 mA, max: 385 mA

Output ripple max: 50 mV (peak-to-peak)
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4. Main function

4.1 Charging method
e Prepare charging with a small current (65 mA), while monitoring the battery voltage

e Fast charging with a constant current (350 mA), adjust control pulse to maintain
stable current

e Fast charging with a constant voltage (4.2 V), monitor the charging current
e Top up the charge with a constant voltage (4.2 V) for a fixed period of time

4.2 Charging current
e Pre-charge current: 65 mA
e Fast charging current: 350 mA
¢ End charging current: < 50 mA

4.3 Four charging phases
1. Pre-charge phase, for empty batteries with voltages less than 3 V
2. Fast constant-current phase
3. Constant-voltage charge
4. Optional timer controlled constant-voltage charging phase, lasting 50 minutes

4.4 Termination criteria
o Error detection: battery voltage < 1 V, or over 4.6 V (open circuit)
e Time control

o Battery temperature test (optional) and not implemented

4.5 LED indicators
e Green LED blinking:
4 seconds for pre-charge

2 seconds for constant-current charge

1 second for constant-voltage charge

0.5 seconds for 50 minute timed charge
e Green LED on: Charging completed successfully
e Red LED on: Battery not in circuit or battery voltage less than 1 volt

4.6 Output short protection

If output is shorted, the controller will automatically identify this state by detecting a low
voltage. It will shut down the PWM and turn the red LED on.

4.7 Battery out of socket indicator

When charging starts, if the battery is not in the charge socket, then the charger will
indicate this by turning the red LED on. When charging, if the battery is removed from the
charger socket, the charger will indicate this by turning the red LED on. To continue
charging, the charger needs to be reset.

AN11139 All information provided in this document is subject to legal disclaimers. © NXP B.V. 2012. All rights reserved.
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5. Charging Time
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Fig 4. Charging phases

5.1 Four charging phases:
e Pre-charge phase (when needed)
— If Vbat < 3.0, set lout = 65 mA
e Fast charging phase (Constant-current charging)
— Vbat<4.2V, set lout = 350 mA
¢ Fast charging phase (Constant-voltage charging)
- Vout=4.2V, lbat = 50 mA
e Optional timer controlled charging phase (constant-voltage charging )

— When lbat < 50 mA, set Vout to 4.20 V for 50 minutes to ensure that battery is
fully charged, then end the charging procedure.

The entire charging process is expected to end within 5 hours, but the actual time will
vary depending upon the initial charge in the battery, as well as the battery capacity.
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6. Implementing the battery charger

7. Conclusion

The schematic for the battery charger can be found in Appendix B. The positive side of
the battery is connected to terminal J1, while the negative side is connected to terminal
J2.

Different current values can be implemented by the user, depending upon the battery’s
charging limitations and capacity. The values defined for the constant-current section can
be modified by changing the following define:

#define MA350 81

This value is determined by the voltage generated across the 0.75 ohm current sense
resistor R2, when charging at 350 mA, and converted into a value that the 10-bit ADC
would read, assuming a 3.3 V voltage reference ((0.35A * 0.75 ohm) / 3.3V * 1023 = 81).

The constant-voltage phase is ended when the current reaches 50 mA. This value is
determined using the same method as used for the constant current definition:

#define MA50 12

The timer for final phase is set at 50 minutes, but may be changed by the user. The
SYSTICK timer generates an interrupt every 1 ms, where a counter is incremented. For a
50 minute timing interval, this value is set to (50 minutes * 60 seconds * 1000 =
3,000,000):

#define MIN50 3000000 /* 50 minutes in "TimeTick" counts  */

AN11139

This example project describes how to implement a single cell Li-lon battery charger
using an LPC111x Cortex-MO microcontroller, using minimal external components.

The charger requires very few of the microcontroller’'s resources (one PWM using a 16-
bit timer, two or three channels of ADC, and the Systick timer), leaving sufficient
bandwidth and peripherals for the addition of other functions and features to be added to
the project.

Li-lon batteries are typically charged between 0.5 C and 1 C in the constant-current
stage, with the value determined by the battery manufacturer.

Li-lon batteries should never be subjected to over-charging as this can affect the battery
life as well as causing a safety hazard.
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8. Appendix A: Functional block diagram
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10. Appendix C: Component selection

The values of C1 and C2 have an impact on the input and output ripple voltages. When
there is no input capacitor C2, there is significant ripple voltage seen at Vin (Fig 6). The
power supply is a typical AC-DC converter rated at 5V/2A and the charger is operating in
the 350 mA constant-current mode.

; : : : : 500MS/s & -

@ 1.00v & Jlm+~792.000ns 10k points —4.24V | .

[ value Mean Min Max std Dev H Nov 2011]
H09:06:27

Fig 6. Inputripple voltage without input capacitor C2

Adding a 470 uF capacitor significantly improves the input ripple voltage as seen at Vin.

500MS/S @ 7
Y *(.00000 s 10Kk points —-5.96 V Nov 2011]
value Mean Max std Dev 12:12:36 )

Fig 7. Input ripple voltage with 470 uF capacitor
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The output capacitor selection will affect the output ripple voltage. Our design criterion
was 50 mV peak-to-peak. When a 22 uF tantalum capacitor was selected for C1, a ripple
voltage of 54 mV was seen.

-29.6mv
24.8mv
A54.4my_ |

500MS5/s 1 WA
+*(.00000 s 10k points 13.6mV || 8 Nov 2011
value Mean Max 5td Dev

Fig 8. Output ripple voltage with 22 uF C1

Increasing output capacitor C1 to 100 uF improved the ripple to less than 20 mV as seen
in Fig 9.

2.00us 500MS/s & 5|
Jlm»>702.000ns 10k points  —38.0mV | .
Value Mean Min Max Std Dev H 8 Nov 2011
H09:02:00

Fig 9. Output ripple voltage with 100 uF C1

A value of 33 uF would be sufficient to meet the 50 mV requirement; however, we used
100 uF for our testing.

AN11139 All information provided in this document is subject to legal disclaimers. © NXP B.V. 2012. All rights reserved.

Application note Rev. 1 — 1 January 2012 14 of 17




NXP Semiconductors AN11139

Off-line Li-lon battery charger solution with the LPC111x family

11. Software flowchart

Reset systemn, turn off
charge switch output
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Y
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hd
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|
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Fig 10. Software flowchart
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12. Legal information

12.1 Definitions

Draft — The document is a draft version only. The content is still under
internal review and subject to formal approval, which may result in
modifications or additions. NXP Semiconductors does not give any
representations or warranties as to the accuracy or completeness of
information included herein and shall have no liability for the consequences
of use of such information.

12.2 Disclaimers

Limited warranty and liability — Information in this document is believed to
be accurate and reliable. However, NXP Semiconductors does not give any
representations or warranties, expressed or implied, as to the accuracy or
completeness of such information and shall have no liability for the
consequences of use of such information. NXP Semiconductors takes no
responsibility for the content in this document if provided by an information
source outside of NXP Semiconductors.

In no event shall NXP Semiconductors be liable for any indirect, incidental,
punitive, special or consequential damages (including - without limitation -
lost profits, lost savings, business interruption, costs related to the removal
or replacement of any products or rework charges) whether or not such
damages are based on tort (including negligence), warranty, breach of
contract or any other legal theory.

Notwithstanding any damages that customer might incur for any reason
whatsoever, NXP Semiconductors’ aggregate and cumulative liability
towards customer for the products described herein shall be limited in
accordance with the Terms and conditions of commercial sale of NXP
Semiconductors.

Right to make changes — NXP Semiconductors reserves the right to make
changes to information published in this document, including without
limitation specifications and product descriptions, at any time and without
notice. This document supersedes and replaces all information supplied prior
to the publication hereof.

Suitability for use — NXP Semiconductors products are not designed,
authorized or warranted to be suitable for use in life support, life-critical or
safety-critical systems or equipment, nor in applications where failure or
malfunction of an NXP Semiconductors product can reasonably be expected
to result in personal injury, death or severe property or environmental
damage. NXP Semiconductors and its suppliers accept no liability for
inclusion and/or use of NXP Semiconductors products in such equipment or
applications and therefore such inclusion and/or use is at the customer’s
own risk.

Applications — Applications that are described herein for any of these
products are for illustrative purposes only. NXP Semiconductors makes no
representation or warranty that such applications will be suitable for the
specified use without further testing or modification.

Customers are responsible for the design and operation of their applications
and products using NXP Semiconductors products, and NXP
Semiconductors accepts no liability for any assistance with applications or
customer product design. It is customer’s sole responsibility to determine
whether the NXP Semiconductors product is suitable and fit for the
customer’s applications and products planned, as well as for the planned
application and use of customer’s third party customer(s). Customers should
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provide appropriate design and operating safeguards to minimize the risks
associated with their applications and products.

NXP Semiconductors does not accept any liability related to any default,
damage, costs or problem which is based on any weakness or default in the
customer’s applications or products, or the application or use by customer’s
third party customer(s). Customer is responsible for doing all necessary
testing for the customer’s applications and products using NXP
Semiconductors products in order to avoid a default of the applications and
the products or of the application or use by customer’s third party
customer(s). NXP does not accept any liability in this respect.

Export control — This document as well as the item(s) described herein
may be subject to export control regulations. Export might require a prior
authorization from competent authorities.

Evaluation products — This product is provided on an “as is” and “with all
faults” basis for evaluation purposes only. NXP Semiconductors, its affiliates
and their suppliers expressly disclaim all warranties, whether express,
implied or statutory, including but not limited to the implied warranties of non-
infringement, merchantability and fitness for a particular purpose. The entire
risk as to the quality, or arising out of the use or performance, of this product
remains with customer.

In no event shall NXP Semiconductors, its affiliates or their suppliers be
liable to customer for any special, indirect, consequential, punitive or
incidental damages (including without limitation damages for loss of
business, business interruption, loss of use, loss of data or information, and
the like) arising out the use of or inability to use the product, whether or not
based on tort (including negligence), strict liability, breach of contract, breach
of warranty or any other theory, even if advised of the possibility of such
damages.

Notwithstanding any damages that customer might incur for any reason
whatsoever (including without limitation, all damages referenced above and
all direct or general damages), the entire liability of NXP Semiconductors, its
affiliates and their suppliers and customer’s exclusive remedy for all of the
foregoing shall be limited to actual damages incurred by customer based on
reasonable reliance up to the greater of the amount actually paid by
customer for the product or five dollars (US$5.00). The foregoing limitations,
exclusions and disclaimers shall apply to the maximum extent permitted by
applicable law, even if any remedy fails of its essential purpose.

12.3 Trademarks

Notice: All referenced brands, product names, service names and
trademarks are property of their respective owners.

© NXP B.V. 2012. All rights reserved.
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