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Abstract—The use of batteries and other -electrochemical
devices in modern power systems is rapidly increasing, with
stricter requirements in terms of cost, efficiency and reliability.
Innovative monitoring solutions are therefore urged to allow a
successful development of a wide range of emerging applications,
including electric vehicles and large-scale energy storage to
support renewable energy generation. Presently, a huge gap
still exists between the accurate and sophisticated monitoring
techniques commonly employed in laboratory tests, on the one
hand, and the simple and rough solutions available in commercial
applications, on the other hand. The objective of this paper is
therefore to demonstrate how measurements similar to those
performed in laboratories can be carried out also in commercial
applications at very low cost. In more detail, the paper focuses on
electrochemical impedance spectroscopy on a battery, performed
by a DC-DC power converter suitably controlled to create the
required AC perturbation, and it explains how the converter
control, the signal acquisition and advanced processing and
estimation algorithms can all be implemented in low-cost off-
the-shelf hardware, capable to achieve very accurate results. The
paper mainly presents the design of the complete system and
describes the experimental prototype used to test the proposed
methodology.

Index Terms—Batteries, Battery management systems, Elec-
trochemical devices, Electrochemical impedance spectroscopy,
Condition monitoring, State estimation, DC-DC power converters

I. INTRODUCTION

Batteries and more generally electrochemical power sources
are playing an increasingly important role in modern power
systems, driven by the wider use of renewable energy and
allowed by the recent developments in electrochemical tech-
nology [1]. Battery use is no longer limited to low-power
devices, as many emerging applications nowadays include
large-scale energy storage for renewable energy generation and
powertrain for electric or hybrid vehicles, just to mention a few
examples.
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Despite the impressive advancements in battery technology
in recent years, further improvements are still much needed
in key aspects for commercial applications, namely efficiency,
reliability and cost. While most of the efforts toward such
improvements are focused on battery design and material
technology, in-situ monitoring systems also play a very im-
portant role. In fact, a more accurate state estimation of the
battery internal conditions would allow, on the one hand, a
better power management (therefore higher overall efficiency
of the power system) and, on the other hand, a more accurate
and prompter diagnosis of performance degradation processes
(therefore a more reliable operation). If all this were achieved
at negligible additional instrumentation cost, the decrease in
the overall operation and maintenance costs would lead also
to large economic benefits.

Electrochemical impedance spectroscopy (EIS) is a very
powerful non-invasive measurement technique, commonly em-
ployed in laboratory experiments, which provides a wealth
of diagnostic information about electrochemical processes
occurring within batteries (and fuel cells as well). The main
advantage compared to DC voltage and current measurements
alone is that EIS allows distinguishing between different
processes and different causes of voltage drop, as they affect
the impedance spectrum in different frequency ranges, from
millihertz to kilohertz [2]. Several works in the literature
have demonstrated how EIS can be effectively employed to
accurately estimate the battery state of charge (SOC) and state
of health (SOH) [2]-[6]. Nevertheless, to the best knowledge
of the Authors, EIS is not presently employed for in-situ con-
dition monitoring in commercial applications, as the expensive
and sophisticated instrumentation used in the laboratory (such
as frequency response analyzers) is not affordable in those
applications. Typically, only DC voltages and currents are
monitored, on individual cells or on groups of cells, but in any
case with limited capability of providing accurate and reliable



information about the state of the battery, particularly the SOH.

The use of power converters has been recently suggested as
a possible solution to achieve EIS in commercial applications
at lower cost. Indeed, power converters represent a very
promising solution because they are already available in most
applications and, if properly controlled, they can introduce
AC perturbations superimposed to the battery DC current and
voltage, at the desired frequencies to measure the impedance
spectrum in relevant frequency ranges. This solution would not
require any additional hardware to create the AC perturbations,
although may require additional hardware to implement the
necessary advanced features for the power converter control
and to acquire and process the current and voltage measure-
ments.

A number of papers have appeared in the literature in the
last few years, reporting the results of preliminary feasibility
studies applied to batteries [7]-[10], as well as to fuel cells
[11]-[13]. The solutions presented in the literature so far are,
however, still affected by important limitations, mainly arising
from the need to find a balance between high accuracy of
results, on the one hand, and the use of simple and inexpensive
hardware, on the other hand. In the simplest solution [7],
the voltage and current signals are processed in the time
domain, by measuring their peak-to-peak amplitudes and the
time delay between the two waveforms, which leads to much
less accurate results compared to a frequency-domain analysis
in presence of noise or distortions. Even when the signals are
processed in the frequency domain, the AC perturbation is
often just a sine wave and allows measuring the impedance
at one frequency at a time [8], [9], whereas a multi-sine
perturbation would be very useful to dramatically decrease
the measurement time and obtain more accurate impedance
spectra. Moreover, the perturbations are added by modulating
the converter duty cycle by a sinusoidal oscillation, instead
of directly controlling the battery current or voltage, and this
may lead to significant distortions in the waveforms. On the
other hand, when the battery current or voltage are directly
controlled and more advanced signal processing is added to
identify model parameters from full impedance spectra, a
simple DSP can no longer cope with the computational burden,
and more complex hardware is required, together with external
software tools such as Matlab [10].

The objective and new contribution of this paper are there-
fore the design of a fully embedded solution for converter
control, signal acquisition and advanced signal processing,
entirely based on a low-cost off-the-shelf hardware platform
that combines hard-real time signal generation and acquisition
with the processing capability of a modern computer. Such
a solution has the potential to allow not only impedance
measurements, but also accurate SOC and SOH estimation
by means of advanced model identification and uncertainty
analysis.

II. BATTERY SOC AND SOH ESTIMATION BY EIS

The battery state and behavior are characterized by the
interplay of a large number of physical processes, occurring
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Fig. 1. Typical impedance spectrum of a battery, in a frequency range from
millihertz to kilohertz, revealing different electrochemical processes.
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Fig. 2.  Equivalent circuit of the battery impedance, corresponding to the
impedance spectrum shown in Fig. 1.

on very different time scales, from microseconds to years
[2]. EIS measurements can typically cover a frequency range
down to millihertz or slightly below, therefore the impedance
spectrum includes the effects of three main processes, namely
ohmic phenomena (in the kilohertz range), charge transfer
in the electrochemical double layer (in the hertz range) and
mass transport of ions (in the millihertz range). Fig. 1 shows
the Nyquist diagram of a typical spectrum, where the three
phenomena above can be clearly distinguished.

The impedance spectrum can be interpreted in terms of
an equivalent electrical circuit, where each impedance is
associated with a different process and represents a different
contribution to the overall voltage drop (and losses, in case
of resistive components). Several equivalent circuits can be
found in the literature, of different type and complexity, used
to model different batteries in different conditions, but a simple
and common circuit approximately valid for all battery types
is illustrated in Fig. 2, where Rg,nn, represents the ohmic
losses, R and C represent the charge double layer, and Z,
(called Warburg impedance) represents the mass transport and
is defined by the following expression:
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Processes occurring on longer time scales, such as those

due to a change in the SOC or due to aging (deterioration of
SOH) can be detected as changes in the values and shape of
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the spectrum and can be interpreted in terms of changes in
one or more of the equivalent circuit parameters, although the
relationship may not always be straightforward. In lithium-
ion batteries, the SOC does not significantly affect the ohmic
resistance while it mainly affects the mass transport and, to
a lower extent, the charge transfer [2]-[4], whereas in lead-
acid batteries the SOC affects also the ohmic resistance [6];
in both battery types, however, the main variations are visible
in the low-frequency part of the impedance spectrum. On the
other hand, the SOH affects the whole spectrum, at high and
low frequencies, in both lithium-ion [2], [3] and lead-acid [6]
batteries, with different parts of the spectrum being more or
less influenced by different causes of performance degradation
and aging.

The use of EIS to accurately estimate the battery SOC and
SOH requires therefore the measurement of the impedance
spectrum in a wide frequency range, down to the millihertz
region, thus with a very long measurement time which is
extremely challenging, particularly in commercial applica-
tions, because the battery is unlikely to remain in steady-
state conditions during such a long time. For this reason, a
classic Fourier approach may lead to highly inaccurate results,
and more sophisticated algorithms combining time-domain
and frequency-domain analysis should be used to compensate
for changes in the operating conditions or internal state of
the battery [14]. Implementing such algorithms in commercial
applications at low cost is an important challenge, and the
aim of this paper is to present a possible hardware platform
to address this challenge.

III. HARDWARE DESIGN AND EXPERIMENTAL SETUP
A. DC-DC Boost Converter

The proposed methodology is tested on a switch-mode
DC-DC boost converter, as batteries are low-voltage, high-
current sources and in most applications their voltage has to
be boosted to match the load requirements or to decrease
the energy transmission losses. A converter prototype was
specifically designed and assembled for this purpose, instead
of using a commercial product, in order to have a full control
over the converter and be able to customize the switch control
strategy according to the aim of the paper.

The equivalent circuit of the whole power system, composed
of source, converter and load, is illustrated in Fig. 3, while a
photograph of the prototype is shown in Fig. 4. The chosen
battery is a 12 V, 7 Ah sealed lead-acid battery composed
of 6 cells in series, and the boost converter was designed
for a primary (battery) rated current of 10 A. A variable
resistor with 10 €2 maximum resistance is used as the load
for sake of simplicity. Because of the low power of the
circuit, the controlled switch is a MOSFET, and the converter
was designed to operate with pulse width modulation (PWM)
control at switching frequencies between 10 kHz and 100 kHz.
The board also includes a LEM LA 25-P closed-loop Hall-
effect current transducer, with a frequency bandwidth from 0
to 200 kHz, used to measure the battery current.
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Fig. 3. Equivalent circuit of the designed power system prototype, composed
of a battery (with its impedance that has to be measured), a DC-DC boost
converter and a resistive load.

Fig. 4. Photograph of the prototype used for the tests, composed of a lead-
acid battery, a home-made DC-DC converter and a resistive load.

When the converter operates in continuous conduction
mode, the ideal (without losses) relationship between input
and output voltages is:

Vi

Vo= 15 2
where V; and V, are the DC (or slowly changing, compared
to the switching period) voltages and § is the converter duty
cycle, i.e. the fraction of the switching period when the switch
is on. The switching frequency fs, and duty cycle § affect also
the peak-to-peak amplitudes of the input current ripple Al; and
output voltage ripple AV, and the consequent design of the
input inductance L and output capacitance C'. Again, in ideal
conditions, the following equations are derived, respectively:
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Based on (3) and on the rated input voltage (12 V) and
current (10 A), an inductance L = 1.2 mH was chosen to
guarantee a peak-to-peak input current ripple below 10% of the
DC current at fy, = 10 kHz and below 1% at f, = 100 kHz.



Similarly, based on (4), a capacitance C' = 470 uF was chosen
to guarantee a peak-to-peak output voltage below 3% of the
DC voltage at f.,, = 10 kHz and below 0.3% at f.,, = 100 kHz.

The switch control, described in the next subsection, allows
controlling the duty cycle on time scales of tens of microsec-
onds, in order to introduce AC perturbations at frequencies
up to a few Kkilohertz, depending on the chosen switching
frequency. This converter is therefore suitable to measure the
full impedance spectrum of the battery, as illustrated in the
previous section.

B. Signal Acquisition, Generation and Processing

The hardware required to implement the proposed
impedance measurement technique must have hard real-time
processing capability, to control the converter operation and
to acquire the voltage and current measurement signals, and
at the same time it must have a large computational power to
implement signal processing and state estimation algorithms
in order to calculate the impedance spectrum and identify
model parameters from it, possibly with an estimation of
the uncertainty associated with them to assess the accuracy
and reliability of the determined SOC and SOH. Last but
not least, such hardware should be also simple, inexpensive
and compact, in order to be easily applied to commercial
applications, and flexible enough to be customized to ac-
commodate different measurement requirements in terms of
accuracy, number of channels, etc.

According to these considerations, a BeagleBone Black
(BBB) board, shown in Fig. 5, appears to be an appropriate
choice. The BBB is a low-cost (around $50) development
board that includes a Texas Instruments 1-GHz AM3358
ARM Cortex-A8 processor (supporting several open-source
operating systems, such as Linux), as well as 2 separate 200-
MHz programmable real-time units (PRUs), sharing the same
data bus with the ARM processor, thus allowing a simple and
fast exchange of data. The BBB features a number of digital
input-output channels, including PWM outputs suitable for the
converter switch control. The board also includes an 8-channel,
12-bit, 200-kSa/s analog-to-digital converter (ADC), which is
suitable to acquire the battery voltage and current signals with
appropriate sampling frequency and resolution. If, however, a
particular application requires (and can afford) more accurate
measurements or more channels, it is possible to add external
ADCs to the board, connected through a serial interface
(SPI), with a limited cost increase. Similarly, if a larger
computational power or more advanced graphical visualization
are required, a Raspberry Pi board (featuring a Quad-Core
ARM Cortex-AS53 processor) can be easily connected to the
BBB, with the overall cost still being within $100.

A schematic diagram of the proposed system for signal
acquisition, generation and processing is illustrated in Fig. 6.
The voltage and current signals contain a large DC com-
ponent and a much smaller AC component; therefore the
two components are firstly separated by low-pass and high-
pass filters and then attenuated/amplified as appropriate in
order to match the input voltage range of the ADC. It is

Fig. 5. Photograph of the BeagleBone Black board, which is chosen as the
hardware platform for the implementation of signal acquisition, generation
and processing, according to the aim of the paper.
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Fig. 6. Schematic diagram of the PWM signal generation and voltage and

current signal acquisition and processing, based on the BeagleBone Black
board.

worth noting that the AC perturbation may go down to the
millihertz range, so separating the DC from such a low-
frequency AC component is a challenging task. The digital
current value is then compared to a pre-defined reference
signal, and a PI controller calculates the required duty cycle for
the power converter to follow such reference. The controller
is implemented in the BBB PRU, which also manages the
analog inputs and PWM output of the board in hard real-
time. Depending on the frequency of the AC perturbation, the
PRU will also implement a moving average filter and will
down-sample the signals in order to limit the data sent to the
processor. The data will be temporarily stored in a memory
buffer, waiting to be read by the processor, whose operation
is not hard real-time but is fast enough to allow reading the
buffer before it is overwritten.

The processor will then calculate the Fourier Transform of
the voltage and current signals, after having compensated for
any variation of the operating condition during the measure-
ment (necessary at very low frequencies), and will determine
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Fig. 7.  Example of battery current (upper plot) and voltage (lower plot)
obtained by modulating the converter duty cycle with a 10 Hz oscillation,
when the converter is operated at 10 kHz switching frequency; the light-gray
lines represent the original waveforms and the thicker black lines represent
the signals averaged over the switching period.

the impedance spectrum of the battery. Suitable model parame-
ters will then be identified based on the measured spectrum, in
order to detect variations in the SOC or SOH. An estimation
of the uncertainty of those parameters is also necessary, in
order to assess the reliability of any detected change in the
SOC or SOH.

IV. PRELIMINARY EXPERIMENTAL RESULTS

The software implementation in the BBB is still in
progress, and complete results showing the measurement of
full impedance spectra and variations of the battery SOC and
SOH estimated by them will be reported in the final version of
the paper. Here, only the results of preliminary tests carried out
on the boost converter prototype are reported, to demonstrate
how AC perturbations can be introduced by modulating the
duty cycle of the converter switch.

As an example. Fig. 7 shows the battery current perturbed
by a 10 Hz oscillation around 6.5 A, together with the voltage
response to such a perturbation. The 10 Hz oscillation is well
visible once the higher-frequency perturbation caused by the
converter switching (at 10 kHz in this case) and the high-
frequency noise are removed by averaging the signals over the
switching period (0.1 ms). By applying the Fourier Transform
and calculating the ratio between the voltage and current
spectra, the impedance at 10 Hz is calculated, which results to
be 44-j4 m(). Similarly, impedance values at other frequencies
can be calculated. In order to keep the measurement time as
low as possible, in the final implementation a multi-sine signal
containing 10 frequencies in a decade will be used instead of
a sine wave.

V. CONCLUSIONS

This paper described a low-cost hardware platform suitable
to perform in-situ electrochemical impedance spectroscopy

on batteries employed in commercial applications, by us-
ing the already available DC-DC converter to introduce AC
perturbations superimposed to the DC current and voltage,
at the desired frequencies in a wide range from millihertz
to kilohertz. A BeagleBone Black board was shown to be
an appropriate hardware solution to control the converter,
acquire and process the current and voltage measurements, and
estimate the battery SOC and SOH based on the impedance
spectrum, because it combines hard real-time programmable
units with a powerful processor, and its cost and size are likely
to be affordable in a commercial application.

The design of the hardware (including the power con-
verter) and preliminary measurements results were reported.
Complete results including full impedance spectra and the
variations in the battery SOC and SOH estimated from them
will be added in the final version of the paper.
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