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Overview

Today’s mobile devices, including smart phones, phablets, and tablets have a phenomenal
amount of capabilities to perform all kinds of innovative applications. However their power
consumption has grown considerably as a result. They now utilize much larger lithium ion
batteries in order to maintain acceptable run-time while supporting this greater power
consumption. As one example battery capacities well over 9,000 mAh are now commonplace in
tablets.

Even with their larger batteries devices often need recharging before the end of the day.

And the dilemma with such large batteries is they take overnight to charge, due to the
marginal power delivery of USB adapters. This dilemma is now being addressed with two new
innovations; specifications for higher power delivery over USB and adaptive fast charging
battery management systems. Together, these can charge a battery typically up to 80% of

its capacity within an hour. This calls for using the maximum charging rate or C-rate, which is
usually 1C maximum for lithium ion batteries. To put things in perspective, a 1C rate equates to
9 amps of current for charging a 9,000 mAh battery.

Adaptive fast USB charging is considerably more complex and must carefully manage battery
charging to assure safety and reliability. A consequence of this for the design engineer of

the charging system is all aspects of its operation need to be thoroughly validated during
development. This process is greatly simplified using specialized test solutions tailored for the
job. In this application note we will show how the Keysight N6781A 20W and N6785A 80W
2-quadrant source-measure units, together with the N6705C DC Power Analyzer mainframe
and 14585A control and analysis software can be used to greatly simplify evaluating and
validating adaptive fast-charging battery management operation; a task that is difficult at best
with more traditional test equipment.

Legacy and Adaptive Fast USB Charging Technologies

To understand the advantages of adaptive fast USB charging technology it is helpful to first
understand the basics of legacy USB battery charging, shown in Figure 1, along with its
inherent limitations.

Most all mobile devices incorporate a single-cell lithium ion battery. Using a single-cell
strikes a good balance between cost effectiveness and having sufficient voltage to power the
electronics within the device. Most lithium ion cells used in mobile devices have an average
rated voltage of 3.7 to 3.8 volts, with the maximum reaching 4.2 volts at completion of
charging.
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Figure 1. Legacy USB battery charging system

When first connected, the mobile device validates what type of USB port it is connected to,
in order to determine how much current it can draw from the port. The mobile device then
channels the +5 volt USB power to the battery through a solid state switch within its battery
management system. While effective, there are a number of inherent limitations that impede
faster charging, especially for larger capacity batteries:

- Version 1.2 of the USB battery charging specification increased charging current up to 0.9
amps from a non-dedicated charging port and up to 1.5 amps from a dedicated charging
port. Even then this is a small fraction of current compared to what is needed to charge
today’s large lithium ion batteries at their maximum rates.

- The existing USB connectors are typically rated for a maximum of 1.5 amps.

- There is not a lot of potential difference between the USB’s +5 volts and a lithium ion
battery’s 4.2 volt charging float voltage, making it difficult for the device’s battery man-
agement circuitry to charge the battery at the USB rated current. This is further hampered
when the acceptable USB voltage can be as low as 4.75 volts.

- The resistances in the USB cable and connectors contribute to additional voltage drops at
higher currents, also impeding the maximum possible charging rate.

The power and current limitations of these previous USB power delivery specifications

for charging purposes were well recognized. USB power delivery 2.0 and USB Type-C
specifications have been established to resolve these limitations. Together they define an
infrastructure to deliver much higher power of up to 100 watts, both through greater currents
of up to 5 amps, and greater voltage of up to 20 volts. USB power is no longer a limiting factor
for faster charging of larger batteries.

Many devices have alternately incorporated proprietary adaptive fast USB charging technology,
independent of the updated USB specifications. While similar in operation, they instead

make use of the existing legacy USB infrastructure. They maintain backward compatibility by
keeping the charging adapter’s output at the USB default 5 volt level when connected to a
non-compatible device and maintain current within acceptable levels. When connected to a
compatible adaptive fast charge-capable device, higher power is delivered primarily through
increasing the voltage to a higher level, up to 20 volts. This adaptive fast USB charging system
is depicted in Figure 2.
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Figure 2: Example of an adaptive fast USB charging system

This adaptive fast USB charging first starts out at USB’s default 5 volt level. The adaptive
fast charge-capable device then negotiates one of a few higher output voltage levels
from the charger power source, potentially up to 20 volts. DC-to-DC conversion within
the mobile device efficiently converts the higher voltage, lower current charging power
into a lower voltage, higher current power suited for charging the lithium ion battery. This
technology resolves the inherent power limitations of legacy USB charging, allowing fast
charging of large mobile device batteries at up to their maximum acceptable C-rates,
greatly reducing the charging time.

Validating Adaptive Fast USB Charging Performance

Due to higher power, greater dissipation, and using maximum battery C-rates, it is
vital to fully validate an adaptive fast USB charging system design to assure safety and
reliability. This requires validating a number of aspects including:
- USB default +5 volt operation
The adaptive fast charge negotiation process
- Maximum C-rate achieved together with losses and efficiency
% of charge reached for fixed durations, such as 30 and 60 minutes
Total time to 100% charge
- Correct charge termination

To fully validate the performance of an adaptive fast USB charging system it is necessary
to be able to simultaneously measure both the adapter’s voltage and current being
sourced to the mobile device, together with the voltage and current directly charging
the battery. These measurements need to be continually logged over the duration of the
charging cycle. Of utmost importance is the current measurements must have negligible
burden or they will alter the results, such as producing lower than expected charging
rates as well as other issues. Once the measurements are captured the data then needs
to be analyzed for the above list of aspects. To accomplish this task an N6705C DC
Power Analyzer with N6781A 20V, 3A, 20W and N6785A 20V, 8A, 80W source-measure
units and 14585A Control and Analysis software were set up together with an adaptive
fast-charge capable mobile device, as shown in Figure 3.

In this setup the N6781A and N6785A source-measure units are operated in their current
measure-only mode, acting as zero-burden ammeters. Unlike a traditional approach
using shunts they are able to measure current ranging from nanoamps to amps without
introducing any voltage drop, assuring accurate test results. The N6781A and N6785A
also feature an auxiliary DVM input so that voltage can be logged simultaneously with
current, providing accurate voltage, power, and energy measurements as well. The
N6785A was selected for measuring the charging current of the device’s 3,300 mAh
battery, as it would exceed the N6781A’s 3 amp maximum capability in order at up to

a 1C rate. The 8 amp, 80 watt capability of the N6785A is an excellent match for the
current, power, and voltage levels that will be encountered in testing adaptive fast USB
charging systems, as well as powering today’s higher-power mobile devices in general.
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Figure 3: Setup for validating a device’s adaptive fast USB charging performance

The 14585A Control and Analysis software provided a simple way to quickly set up and run,

and then capture, display, and analyze the results of the adaptive fast charge performance.

The data log operating mode was used to provide a long-term capture, as it takes up to several
hours to fully charge a lithium ion battery. While the logging was set up to capture the hours-
long overall charge cycle, it was also set up to sample at a sufficiently high rate so that details
of short-term activities can be examined as well. This includes the initial fast charge negotiation
process as shown in Figure 4. Here the adapter’s voltage, current, and power are the yellow
and orange traces on the bottom of the graph, while the battery’s charging voltage, current,
and power are the blue traces at the top. By analyzing the startup portion of the fast charge
process, the following aspects were validated:

When the adapter is first connected to the DUT, it outputs the default 5V level.

As can be seen in the graph a negotiation between the adapter and DUT then takes place
over 7.6 seconds, after which the adapter increases its output from 5V to 9V.

It was validated that whenever the adapter was disconnected it would immediately drop
back down to the default 5V level and the negotiation would have to take place again for
the output to increase to a higher level. This assures backward compatibility when con-
nected to legacy mobile devices.

At 9V out, the adapter is able to deliver 80% more charging power for the same level of
charging current as a result. This is because the DUT incorporates a DC to DC convert-

er that converts the adapter’s +9V output down to the battery voltage, but at greater
charging current.

It was found the charging current quickly reaches a maximum level of 3.02 amps. This is
0.9C for a 3,300 mAh battery. This is consistent with applying the recommended 1C maxi-
mum charge rate for standard lithium ion batteries.

At maximum charging the adapter’s output power was 14.54W while the battery’s charging
power was 11.59W. This equates to 80% power conversion efficiency with 2.95W of losses
to contend with inside the mobile device.



06 | Keysight | Evaluating Adaptive Fast USB Battery Charging of Mobile Devices - Application Note

e &t Took Datalogger Hep () /> Scope > Daia Logger ccoF M are 14585A

-— device connected to adapter Battery voltage

I Tt
Battery current
Battefy power

Adapter voltage

i ™ +9V after negotiation i
. +5V adppter|0utput af start Adapter current i

AVL
=

FLadL
N
) apter power

0125

®  le—2 7 6 sec fiégotiati8h period *°
Markers & Measurements @ AuoSaoll  Ranges- | AUTOSCALE [y

Measurements Between Markers
Charge / Energy

1.840623 mA h

ms () Min/MaxFile: datalogdata64dig ... Trigger Data Log Run Button ~

ourPuTs. Quick charge ial 3 X Act

@~ 7G| | )
@ za, [J) 2 Bsa 1) 9.07370573 V 9.076303482 V

3
@ B ws - B[ 0
i i 1.601892293 A 1.602764487 A

3.00662983 A 3.012271404 A

Figure 4: Adaptive fast USB charging startup details

Looking at the overall charge cycle in Figure 5, there are two main phases to lithium ion
battery charging. The first phase is constant current (CC) charging, where the battery is
most readily able to absorb charge, as it rises to its maximum safe charging float voltage
level limited by the device’s battery management system. At this point the charging
transitions over to the constant voltage (CV) float phase. Here the voltage remains
constant while the charging current tapers off to nearly zero, as the battery accumulates
the rest of its charge. From analyzing the data log of the overall charge cycle the
following aspects were validated:

- By placing measurement markers at the start and end points it took a total of 2
hours and 24 minutes for the fully-discharged battery to reach 100% charge. This
is relatively very fast for lithium ion battery charging. During this period the battery
accumulated 3,200 mAh of charge.

- The CC phase took 54 minutes, just 38% of the total time, for the battery to accu-
mulate 2,359 mAh, which is 73% of its charge. Fast charging takes advantage of the
battery being able to accept a greater C-rate during the CC phase.

- It was found that the battery reached 43% charge in 30 minutes and 81% charge in
60 minutes. This makes fast charging practical for adequately recharging device to
get it through the day!

- In contrast to the CC phase, CV float phase took 130 minutes, or 62% of the total
time, but the battery accumulated only 850 mAh, or 27% more of its total charge.

- The final float voltage level was 4.386V for the 4.4V rated battery. Charging was
terminated when charge current fell below 94.5 mA, which is 2.9% of the 1C charge
rate. Both values are within acceptable ranges.
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Figure b: Adaptive fast USB charging overall results

Validating Performance For Worst-Case Conditions

Itis important to perform tests for various worst-case conditions, in addition to nominal
conditions, when validating the performance of adaptive fast charging systems. One
example of this is validating the performance for the battery’s expected range of
equivalent series resistance (ESR).

To do this the test setup in Figure 3 was altered slightly. The device’s battery was
removed altogether. The N6785A serving as SMU#2, previously operating in zero-burden
measurement mode, now directly replaces and emulates the battery under charge. This
updated setup is depicted in Figure 6.
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Figure 6: Setup for validating adaptive fast USB charging for a high ESR battery condition

The N6785A operating as a battery emulator provides programmable ESR so that the
adaptive fast charging can be tested over the range of expected battery ESR. The
following aspects were validated:
- When the programmable ESR was set to emulate the actual battery’s ESR of 115
mQ, results matched that of using the actual battery.
- When the programmable ESR was increased to 215 m(), charging current was re-
duced by 20%, significantly increasing charging time.

Not only does this show that the battery’s ESR has a significant impact on charging, but
this also emphasizes that current measurements made between the DUT and its battery
need to have negligible burden or they will similarly alter the test results.

Summary

To offset their greater power consumption, today’s mobile devices are now incorporating
larger batteries. However, the consequence of this is that it takes a lot longer to recharge
due to the marginal power delivery of USB. This dilemma has now been addressed

with new USB standards for higher power delivery and adaptive fast charging systems.
Together they can recharge large batteries up to typically 80% of their capacity within an
hour.

Adaptive fast USB charging is considerably more complex and must carefully manage
battery charging to assure safety and reliability. As a result all aspects of adaptive
fast USB charging operation need to be thoroughly validated during development.
This process is greatly simplified using specialized test solutions tailored for the job.
The Keysight N6781A 20W and N6785A 80W 2-quadrant source-measure units,
together with the N6705C DC Power Analyzer mainframe and 14585A control and
analysis software, can be used to greatly simplify evaluating and validating adaptive
fast-charging battery management operation; a task that is difficult at best with more
traditional test equipment.



09 | Keysight | Evaluating Adaptive Fast USB Battery Charging of Mobile Devices - Application Note

Evolving

Our unique combination of hardware, software, support, and people can help
you reach your next breakthrough. We are unlocking the future of technology.

myKeysight

Keysight Infoline

KEYSIGHT
SERVICES

N0
3vR

WARRANTY

ASSURANCE PLANS

myKeysight
www.keysight.com/find/mykeysight
A personalized view into the information most relevant to you.

Keysight Infoline

www.keysight.com/find/Infoline
Keysight's insight to best in class information management. Free access to
your Keysight equipment company reports and e-library.

Keysight Services

www.keysight.com/find/service

Our deep offering in design, test, and measurement services deploys an
industry-leading array of people, processes, and tools. The result? We help
you implement new technologies and engineer improved processes that
lower costs.

Three-Year Warranty

www.keysight.com/find/ThreeYearWarranty

Keysight's committed to superior product quality and lower total cost
of ownership. Keysight is the only test and measurement company with

three-year warranty standard on all instruments, worldwide. And, we provide

a one-year warranty on many accessories, calibration devices, systems and
custom products.

Keysight Assurance Plans

www.keysight.com/find/AssurancePlans

Up to ten years of protection and no budgetary surprises to ensure your
instruments are operating to specification, so you can rely on accurate
measurements.

Keysight Channel Partners

www.keysight.com/find/channelpartners

Get the best of both worlds: Keysight's measurement expertise and product
breadth, combined with channel partner convenience.

www.keysight.com/find/n6705¢c

For more information on Keysight
Technologies’ products, applications or
services, please contact your local Keysight
office. The complete list is available at:
www.keysight.com/find/contactus

Americas

Canada (877) 894 4414
Brazil 55113351 7010
Mexico 007 800 254 2440

United States

(800) 829 4444

Asia Pacific

Australia 1800 629 485
China 8008100189
Hong Kong 800 938 693
India 1800 11 2626
Japan 0120 (421) 345
Korea 080 769 0800
Malaysia 1800 888 848
Singapore 1800 375 8100
Taiwan 0800 047 866
Other AP Countries (65) 6375 8100

Europe & Middle East

Austria 0800 001122
Belgium 0800 58580
Finland 0800 523252
France 0805 980333
Germany 0800 6270999
Ireland 1800 832700
Israel 1809 343051
[taly 800 599100
Luxembourg +32 800 58580
Netherlands 0800 0233200
Russia 8800 5009286
Spain 800 000154
Sweden 0200 882255
Switzerland 0800 805353
Opt. 1 (DE)
Opt. 2 (FR)
Opt. 3(IT)
United Kingdom 0800 0260637

For other unlisted countries:
www.keysight.com/find/contactus

(BP-06-08-16)

R ified

1S anagement System

www.keysight.com/go/quality
Keysight Technologies, Inc.
DEKRA Certified 1ISO 9001:2015
Quality Management System

KEYSIGHT

TECHNOLOGIES

Unlocking Measurement Insights

This information is subject to change without notice.
© Keysight Technologies, 2015 - 2016
Published in USA, October 27, 2016
5992-1072EN

www.keysight.com


www.keysight.com
http://www.keysight.com/find/mykeysight
http://www.keysight.com/find/Infoline

http://www.keysight.com/find/service
http://www.keysight.com/find/ThreeYearWarranty
http://www.keysight.com/find/AssurancePlans
http://www.keysight.com/find/channelpartners
http://www.keysight.com/find/contactus
http://www.keysight.com/go/quality
http://www.keysight.com

