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My Application Needs
Accurate Fuel Gauging—
What Options are Available?

Inexpensive methods to measure battery energy can result in low precision
measurements, and techniques to increase precision often add complexity and cost.
One alternative uses a software algorithm that provides reliable battery-capacity

measurement.

sers of battery-powered products demand accu-

rate cell fuel gauging so that they can conve-

niently plan recharges. But there’s a second, less

obvious, reason for precise battery energy mea-
surement: Inaccuracy leads to bad user experiences such as
a product suddenly failing while still indicating to the user
there’s some runtime left.

To avoid this situation, vendors often add safety mar-
gins that force the user to charge the product sooner than
needed. That’s not only inconvenient, but it also creates the
impression that the product has a shorter battery life when
it’s not the case. And while charging a consumer product
like a wearable more often than required is one thing, in an
industrial context, where there might be hundreds or even
thousands of battery-powered devices, frequent unneces-
sary charging is quite another.

Until now, developers were faced with a dilemma: Should

they contain costs by using an inexpensive fuel-gauge
method and risk consumer disappointment, or add design
complexity, PCB real estate, and expense with a more ac-
curate fuel gauge? Now, however, there’s a third option—a
software-based solution that promises high precision with-
out the added complexity and cost of dedicated hardware
solutions.

The Inexpensive Way: A Voltage-Based Lookup Table

There are two established techniques for estimating how
much energy is left in a rechargeable battery, and each
comes with pros and cons.

Lets first consider the inexpensive approach—the volt-
age-based lookup table. This method is simple and low cost
to implement, which is why most designers tend to use it.

Its a case of measuring the battery’s terminal voltage
and software and then referring to a lookup table derived
from the cell’s discharge curve
(Fig. 1). The measured voltage
is mapped to a battery state-
of-charge (SOC) figure and
reported to the user. While
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this sounds good in principle,
when you look closer, several

1. Shown is a typical Li-ion battery
discharge curve. Note how flat the
curve is between 80% and 20%

state-of-charge (SOC); this makes
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it very difficult to ascertain true
SOC.
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inherent problems pop up.

The first challenge comes with varying battery load. Since
the battery is an integral part of the circuit, it's impossible to
measure the open-circuit voltage of the battery’s terminals.
This means there will always be some voltage drop across
the cell’s internal resistance depending on how much power
is delivered by the battery. In other words, the measured
voltage will be lower than the actual voltage.
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For an application such as a Bluetooth speaker, which will
exhibit great variations in power consumption, the calcu-
lated SOC could be much lower than reality. Worse yet, the
SOC error can't be estimated since there’s no way of know-
ing the battery load when the sample was taken.

Second, SOC measurements are influenced by tempera-
ture. The internal resistance of a rechargeable lithium bat-
tery varies greatly with temperature. That means tempera-

2. The nPM1300 PMIC
Host SOC offers hardware hooks
that enable the host pro-
cessor to measure vital
battery parameters. The
host processor then
uses a free software
algorithm to precisely
calculate battery SOC.
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Algorithm
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on power consumption.
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3. The top graph illustrates the error between a coulomb-counter reference, a voltage lookup table, and Nordic’s nPM1300 and algorithm. The

middle graph compares the instantaneous error between the reference and the alternative SOC measurements. The final graph shows the bat-
tery temperature over time.
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ture fluctuations amplify the SOC inaccuracies imposed by
battery load.

The third challenge is that the middle portion of the dis-
charge curve is almost flat. For the battery (Fig. 1, again),
the battery voltage drops only 80 mV or 2% from an 80%
to 20% SOC. This means that even without considering the
effects mentioned above, it’s very difficult to determine the
SOC across this part of the discharge curve. If we do try to
take battery load and temperature effects into account, it be-
comes almost impossible.

The Accurate Way: A Dedicated Fuel-Gauge Chip

Until now, the dedicated fuel-gauge chip has been the
only way to achieve precise battery SOC for embedded ap-
plications. Many of these dedicated fuel-gauge chips employ
a so-called coulomb counter. Its a circuit that accurately
measures the battery current and then pairs this informa-
tion with battery voltage measurements to keep track of
how much energy is drawn or added to the battery. SOC
precision is significantly enhanced compared to the voltage-
based lookup table, but there are some tradeofts.

First, the chip adds cost to the bill of materials (BOM) and
consumes PCB area; it also requires the support of several
passive components. Second, the dedicated chip increases

State of Charge Prediction
I

the product’s power consumption. The chip must be active
when current is drawn from the battery, which happens
even when the system is in sleep mode.

While the measurement interval can be extended during
sleep, even in the lowest power modes, a dedicated fuel-
gauge chip can increase system sleep current by as much as
an order of magnitude in an otherwise power-frugal Blue-
tooth application.

Third, to transform the battery current and voltage mea-
surements into an accurate SOC estimate, the system needs
accurate information on the battery characteristics during
charging and discharging. This “battery profiling” is typi-
cally done as a service by the fuel-gauge chip vendor and
requires the designers to ship some samples of the battery to
the vendor and wait several weeks for the results.

The drawbacks of both these common solutions for SOC
measurement can make it hard for designers to choose one
solution over the other. But now there’s a third option that
addresses the disadvantages of both these conventional ap-
proaches.

A New Approach: SOC Precision Without Adding Cost or
Power Consumption
The company I work for, Nordic Semiconductor, recently
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4. The top graph illustrates the error between a coulomb-counter reference, a voltage lookup table, and Nordic’s nPM1300 and algorithm with

wide temperature variations. The middle graph again compares the instantaneous error between the reference and the alternative SOC mea-

surements with the final graph showing battery temperature over time.
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announced the nPM1300 power-management IC (PMIC).

The PMIC optimizes the power consumption of the compa-
ny’s Bluetooth LE systems-on-chips to maximize battery life.

The PMIC doesn’t directly measure battery SOC. It's not
equipped with a coulomb counter or other complex hard-
ware that would add to the cost or power consumption of
the product. Rather, the PMIC has hardware hooks that en-
able a host processor to measure three vital battery parame-
ters: voltage, current, and temperature. Nordic Semiconduc-
tor then provides a free-of-charge fuel-gauge algorithm as a
part of the software driver library for the nPM1300. The cost
to the developer is a few kilobytes of flash memory to store
the algorithm code.

The code does slightly add to the product’s power con-
sumption. However, while the algorithm runs once per sec-
ond in active mode, it doesn’'t need to run during system
sleep mode. Therefore, the overall increase in power con-
sumption is minimal compared to dedicated fuel-gauge
chips. When the system wakes up, the algorithm can deter-
mine how much net energy was lost or added while the sys-
tem was in sleep mode (Fig. 2).

The Benefits of a Mathematical Battery Model
How does the Nordic’s method compare to the traditional
alternatives? To answer that question, we ran some bench-

mark tests comparing its new technique against the voltage
lookup table approach, and then against a Keysight N6705B
DC Power Analyzer set up to work as a calibrated coulomb-
counter reference. The load pattern used throughout the test
was a train of current pulses alternating between 55 and 80
mA with about 10 mA of current consumption in between
those pulses.

In the upper diagram of Figure 3, the voltage lookup table
and the nPM1300 PMIC methods are plotted against the
coulomb-counter reference. In the middle diagram, the ref-
erence is subtracted, hence showing the absolute error of the
voltage lookup table and the nPM1300 solution, respective-
ly. The voltage lookup table yields errors of up to 20% with a
large spread that represents the variations introduced by the
series internal resistance of the battery and the variations in
current draw.

In comparison, the nPM1300 PMIC and algorithm show
a maximum deviation from the reference of approximately
3%, which is comparable to what’s achieved by a decent ded-
icated fuel-gauge chip (Fig. 3, again).

Temperature fluctuations amplify the weaknesses of the
voltage lookup table method because of the impacts on bat-
tery internal resistance discussed above (Fig. 4). At —5°C,
the voltage lookup table exhibits between 10% and 30%
error depending on current draw, whereas the error of the
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5. The nPM PowerUP tool supports battery profiling, enabling a developer to build an accurate model of the battery for the fuel-gauge algorithm

in house. The “Profile Battery” instruction initiates a slow charge/discharge cycle, which is closely monitored, to build the battery model.
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nPM1300 PMIC plus algorithm is at worst 5% and typically
under 2%. This is again comparable to that achieved by dedi-
cated fuel-gauge chips (Fig. 4).

DIY Battery Profiling

The nPM1300 PMIC and algorithm, in common with
dedicated fuel-gauge chips, requires battery profiling. How-
ever, unlike other suppliers, Nordic provides designers with
ability to do this in house, eliminating the time and expense
of sending the batteries to an external agency for profiling.

The company’s nPM PowerUP PC app, which is part of
its nRF Connect for Desktop development tools suite, is a
GUI-based tool for evaluating and development of the com-
pany’s PMICs. It allows designers to evaluate and configure
the products and export configuration code. Within the
configuration scope, nPM Power UP also supports battery
profiling, enabling a developer to build an accurate model of
the battery for the fuel-gauge algorithm in house.

The battery to be profiled is plugged into an nPM1300
evaluation kit and in turn is connected to Nordic’s dedicated
Fuel Gauge board that enables a constant current draw from
the battery. Then it’s just a case of clicking on the “Profile
Battery” in the nPM PowerUP tool (Fig. 5). This instruction
initiates a slow discharge-rest-discharge-rest sequence cus-
tomized to the battery, which is closely monitored to build
the battery model.

The procedure should be repeated at three different posi-
tive temperatures (for example, +5, +20, and +40°C) to
ensure accurate fuel gauging across the product’s likely op-
erational temperature range. Once complete, the fuel-gauge
algorithm contains a mathematical model of the battery that
will yield the typical accuracies shown in the previous sec-
tion. The battery profile can then be exported from the tool

into the nPM1300 PMIC’s configuration file. Nordic’s appli-
cation note “Using the nPM1300 Fuel Gauge” details how to
do this operation.

Targeting the Best Fuel-Gauge Solution

Selecting a fuel-gauge solution that satisfies end customer
demand for accuracy is a difficult task since it adds cost and
complexity to the product and increases power consump-
tion. Hence, designers often go with the cheaper voltage
lookup table option and then build in a safety margin, forc-
ing consumers to charge more frequently than needed.

The SOC measurement method eliminates the drawbacks
of the two most common fuel-gauge solutions and makes
the choice easier for designers.

Geir Kjosavik is a product manage-
ment director responsible for the Power
Management IC (PMIC) product line
with Nordic Semiconductor, a position
he has held since 2021. Geir’s track record
as a semiconductor industry professional
includes 27 years of passionate semi-
conductor product marketing, co-archi-
tecting innovative and award-winning
products  with several semiconductor
companies including Philips Semiconductor, Xilinx, Atmel,
and Microchip Technology.

He holds a master’s degree in electronic engineering from
the Norwegian Institute of Technology and resides in Trond-
heim, Norway. Prior to his extensive career in semiconduc-
tors, Geir worked as an analog and digital electronics circuit
designer.

I LEARN MORE @ electronicdesign.com | 5


https://infocenter.nordicsemi.com/pdf/nan_045.pdf
http://?Code=UM_EDPDF
http://www.electronicdesign.com?code=UM_EDPDF

