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Abstract

This thesis elaborates on onboard battery electrochemical impedance spectroscopy
(EIS) for lithium-ion battery cells used in electric vehicles. The main objective is
the development and validation of a low voltage proof of concept. The research,
conducted at Porsche Engineering Services s.r.o., involves creating a prototype using a
voltage-controlled current sink to modulate the current that perturbs the battery cells
and measuring the battery cell voltage to obtain the battery impedance data.

Two versions of the prototype are presented — one utilizing a laboratory device,
the Bode 100 spectrum analyzer, and the other integrating an MCU, the STM32
F303RE Nucleo board. Both versions and their implementations are detailed in the
thesis, emphasizing key aspects such as the main circuit board and EIS technique.
Measurements were initially conducted with the Bode 100 at different state of charge
and temperatures of the battery cell, comparing the resulting Nyquist plots of battery
impedance with findings from other studies. Subsequently, measurement using the MCU
revealed challenges associated with this implementation. Lastly, the thesis concludes with
a discussion of the results, along with an exploration of the feasibility and challenges
associated with the implementation.

Keywords: Electrochemical impedance spectroscopy, Battery management, Electric
vehicles, circuit design, Microcontroller, Battery impedance, Nyquist plot, Lithium-ion
battery
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Abstrakt

Tato price se zabyva palubni elektrochemickou impedancéni spektroskopii lithium-
iontovych baterii pouzivanych v elektromobilech. Hlavnim cilem je vytvoreni a ovéreni
nizkonapétového prototypu. Vyzkum, realizovany v Porsche Engineering Services s.r.o.,
zahrnuje vytvoreni prototypu s pouzitim napétové regulovaného proudového modulatoru,
ktery budi bateriové clanky a méfi jejich zménu napéti, na zdkladé které se nasledné
ziska impedance baterie.

Dvé verze prototypu jsou vytvoreny — jedna pouzivajici laboratorni zarizeni, spektralni
analyzator Bode 100, a druha pouzivajici mikrokontroler STM32 F303RE Nucleo. Obé
verze a jejich implementace jsou detailné popsany v préaci, véetné navrhu obvodu a
popisu pouzité techniky elektrochemické impedancni spektroskopie. Métfeni byla nejprve
realizovana s pristrojem Bode 100 pfi riznych stavech nabiti a teplotach bateriového
clanku, a ziskané Nyquistovy diagramy impedance jsou porovnany s daty z jinych studii.
Nésledné bylo provedeno méreni s pouzitim mikrokontroleru, které odhalilo problémy s
jeho pouzitim a provedenou implementaci. Nakonec praci uzavird diskuse o vysledcich
spolecné s pruzkumem proveditelnosti a vyzev spojenymi s touto implementaci.

Klicova slova: Elektrochemickd impedancni spektroskopie, Managment baterii,
Elektrické vozidla, Navrh obvodu, Mikrokontroler, Impedance baterie, Nyqustuv
diagram, Lithium-iontova baterie

Preklad nazvu: Vyvoj méfictho systému elektrochemické impedancni spektroskopie
(EIS) s aktivnim proudovym buzenim pro online monitorovani baterii
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Chapter 1

Introduction

Electrochemical impedance spectroscopy (EIS) is a commonly used technique
for battery characterization through impedance measurements, offering use-
ful information on battery performance and health. It is a non-destructive
technique used to study and measure properties of various electrochemical
systems and materials as a function of frequency. In the case of batteries,
the impedance is usually presented as a Nyquist plot, with the real part
on the x-axis and imaginary part on the y-axis. This data can be used to
determine state of charge (SOC), state of health (SOH) and estimate the
number of cycles of the battery. Typically, EIS measurements are performed
in a controlled laboratory environment [I]. However, in recent years there
is growing demand for accurate battery characterization and diagnostics for
electric vehicles (EV). In this thesis the goal is to prototype an onboard EIS
battery measurement system.

This thesis was performed at Porsche Engineering Services s.r.o. The goal of
the prototype is to provide a low voltage proof of concept that can be scaled
later to practical high voltage systems.

. 1.1 Introduction and motivation

The motivation of this thesis is to develop a simple and accurate prototype
system for real-time (onboard) EIS measurements of lithium-ion batteries for
electric vehicles. As the automotive industry is switching to electric vehicles
(EVs), the focus is changing from combustion engines to electric motors and
batteries. EV Battery management systems (BMS) are used to monitor and
manage the performance and safety of the vehicle’s battery, but traditionally
rely on passive measurements of cell voltage and current. Onboard EIS offers
a promising enhancement based on active impedance measurements. For
example, EIS can be used to calculate SOC for charging the battery pack
closer to its maximum capacity and increase the vehicle range [2].EIS data
can also be used to calculate the remaining range of a vehicle more accurately.
EIS can also support safety measures as it can provide better information
about cell temperature to prevent overheating and possible ignition of the
battery pack. These benefits have led to increasing interest and demand in



1. Introduction
recent years for an onboard EIS and are the motivation for this work.

B 12 Mmain objective and partial tasks

The main objective of this thesis is to create an online EIS battery measure-
ment system with active current excitation for online battery monitoring.
Partial tasks of this thesis are:

® Research battery management systems (BMSs) and EIS for EV batteries.

® Design an active current excitation circuit for online battery EIS. Apply
this circuit with laboratory test equipment to measure the impedance
spectra of lithium-ion battery cells.

® Develop a microcontroller-based EIS system prototype that manages the
current excitation circuit, acquires current and voltage measurements,
and generates the battery impedance spectra.



Chapter 2

Background to EVs and battery
management

. 2.1 EV introduction

The market for EVs has seen rapid growth in recent years, with a projected
global revenue of up to 561.3 billion US dollars in 2023 [9]. By 2025, it is
expected that 20% of all passenger vehicles sold worldwide will be electric.
This percentage is anticipated to rise to 40% by 2030. Notably, the EU has
proposed banning the sales of new vehicles with combustion engines to achieve
a 100% market share for EVs in Europe by 2035, and other governments
targeting the same goal by 2040 [10].

The main difference that distinguishes EVs from their combustion coun-
terparts is the use of electric power to propel the vehicle instead of using
combustion. Electric power is stored in the batteries and then used to power
the traction motors. A DC-DC converter is used to convert voltage levels,
facilitating the transfer of energy from and to the battery according to com-
ponents’ power requirements. To manage the battery, a battery management
system (BMS) is used. It controls the charge and discharge of the cells in
the battery pack, estimates the state-of-charge (SOH) and state-of-health
(SOH), monitors the temperature and voltage of the battery cells, provides
cell balancing, and disconnects the battery in case of an emergency. Another
essential component of EVs is the thermal management system (TMS). This
system not only cools the battery, powertrain, and other components, but
can also heat the battery to operate at the maximum efficiency at startup
(for example, in the winter months) and to support the charging process.
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Figure 2.1: Porsche Taycan battery system - taken from[IT]

B 22 EV battery management introduction

The battery of an EV usually consists of multiple battery packs that can be
distributed throughout the car to provide needed space for occupants or to
evenly distribute weight and balance the vehicle. Each battery pack contains
individual battery cells and has its own BMS.

The battery management system is responsible for overseeing a battery pack.
It measures the voltage of each cell in the pack, measures the current flowing
to and from the pack and monitors the temperature with sensors distributed
evenly throughout the pack. Based on this data, current EV BMSs passively
estimate the SOC and SOH of the cells. One of the most common algorithms
of estimation that is used within the BMS is Kalman filter. This algorithm
provides estimation of parameters based on measurements observed over time

2.

Primarily, the BMS communicates with other components and exchanges
information to manage the maximum current through the battery pack. Ad-
ditionally, the BMS has the capability to predict potential errors to prevent
failure of the battery pack and create hazard for the occupants of the vehicle.
In case of an emergency, the BMS can disconnect the battery pack. The BMS
also provides cell balancing to maintain uniform charge levels and extend the
overall battery life.

Another crucial part in battery management is the thermal management
system (TMS). TMS is responsible for maintaining the optimal thermal condi-
tions for the battery and the entire system of the vehicle, ensuring maximum
efficiency under varying external conditions. Not only does the TMS cool the

4



2.3. EIS for battery characterization

Figure 2.2: Porsche Taycan TMS - taken from|[IT]

components during driving and charging to prevent overheating, but it also
preheats the battery before charging to ensure maximum charging current
can be safely applied (in cold weather).

Currently, the most commonly used TMS technologies are air-based or in-
direct liquid-based. While these technologies may be sufficient, in recent
years new technologies have emerged [13]. One of them is using direct oil,
where the dielectric oil is used as the coolant, which offers the potential
for efficient heat transfer with a more uniform and controlled temperature.
However, due to the high viscosity of the oil, the cooling effect may not be
significantly improving in all cases and this technology suffers from leaks
caused by the liquid properties. Another improvement is to use nanoparticles
of high thermally conductive metals such as copper or silver. According
to a study [I4], this can increase the thermal conductivity by 23.8%. An
alternative solution uses liquid metals like gallium or mercury as coolant.
However, this technology faces challenges due to weak pumping flow, as the
traditional pumps struggle to circulate liquid metal through the system.

B 23 EIS for battery characterization

In general, to obtain battery characteristics, various destructive and non-
destructive measuring methods exist. These techniques differ in terms of
accuracy, measuring duration or complexity [I5]. Destructive methods are
more precise but are not suitable for practical use, given their complex, time-
consuming nature, and the fact that they destroy the battery. These methods
are often used during development stages and research programs. In contrast,
non-destructive techniques can offer detailed insights into a battery without
damaging the battery.
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One of non-destructive techniques is the charge and discharge method, which
provides precise information about the battery health. However, it lacks
information about the battery SOC as it fully charges and discharges the
battery and consumes a significant time to perform.

As previously described, conventional EV BMSs passively monitor the cell
voltages and currents and apply an algorithm to estimate parameters like
SOC and SOH. While this approach is non-destructive, it lacks accuracy since
its only based on passive measurements.

In contrast, electrochemical impedance spectroscopy (EIS) is an active,
non-destructive method, that can provide a lot of information about the
battery with more accuracy. This proven technique is fast and simple and
commonly used by battery manufacturers for battery characterization. EIS
measurements work by perturbing the battery with current and measuring the
voltage response of the battery at different frequencies. The obtained complex
impedance is than typically represented on a Nyquist plot. This method
requires postprocessing of the measured data to extract the parameters of
the battery from measurement. This work investigates the use of EIS for
onboard battery characterization of an EV.

From an electrical point of view, a battery is a non-linear, time-dependent
system. However, under stable operating conditions with a small signal
perturbation, a battery can be approximated as a linear system with a well-
defined impedance that does not change during measurement. In the model,
the battery can be represented by the schematic diagram [8] shown in figure
2.3l In this model, L1 characterizes inductance of the battery, R1 charac-
terizes the loss in the bulk electrolyte, R2 and C2 characterize the Ohmic
loss and capacitance in the electrolyte-electrode interfaces, and Zy is the
Warburg impedance which represents diffusion loss at the electrode-electrolyte
interface. Different characteristics of the battery, such as SOC, SOH, and
temperature can be approximated from the values of the components in the
circuit model. EIS provides a pathway to extract the circuit model from
the measured impedance. The scope of this thesis focuses on measuring the
battery impedance using EIS, and not on the details of equivalent circuit
extraction.



2.4. Previous approaches to onboard EIS for EV battery monitoring
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Figure 2.3: Schematic approximation of a battery with corresponding impedance
at different frequencies - taken from[g]

B 2.4 Previous approaches to onboard EIS for EV
battery monitoring

The technique to measure battery impedance is to perturb the battery with
external current or voltage and measure the response. In a study from 2014
[3], a team of researchers used the motor controller as the excitation source.
Although this is a cost-effective solution, the researchers ran into problems
with accuracy and calibration. Also, this method requires intervention in the
existing system and controller software. Another perturbation technique is
to vary the duty cycle of a DC-DC power convertor connected to the battery
as shown in [4]. However, a problem with this technique is that it can cause
large voltage ripples at the output of power converter. In a study from 2021
[5] this issue is circumvented by inserting a small, switched resistor circuit
into the converter to perturb the current. While this method requires an ex-
ternal circuit (increased bill of materials), it provides more precise impedance
measurement than using a DC/DC power converter and significantly lowered
the ripple.

In this study, the primary focus is to develop an addition to the BMS that
provides real-time data on the battery’s impedance. This addition provides
an active onboard battery EIS measurement method that is both simple,
lightweight and cost-efficient. It is similar to the approach used in [3] in that
it involves an external circuit, but the proposed circuit can produce arbitrary
current waveforms (including sinusoids and pulses of arbitrary durations,
rise/fall times, and amplitudes), whereas the method in [3] can only pro-

7



2. Background to EV/s and battery management

duce simple pulses with a fixed amplitude. Therefore, this approach offers a
straightforward and flexible solution to enhance the EV “s BMS, while offering
ease and simplicity of implementation.



Chapter 3
Proposed Approach

. 3.1 The main idea

The basic idea of this project is to measure a battery’s cell impedance by
perturbing the battery with a known current and measuring the resulting
change of the cell voltage. The impedance at a given frequency f can then
be simply calculated using the following equation.

. %at(f)

Zoarlf) = Tyat (f)

(3.1)

Where the Zp,; is the wanted impedance of the battery, Vi, is the measured
voltage (phasor) of the battery and Ip4 is the measured current (phasor) that
is drawn from the battery.

In this project, the basic idea for generating the perturbing current through
the battery is to drive the gate of a MOSFET to modulate the load impedance
seen by the battery as shown on the figure 3.1 The source of the gate voltage
signal is external, for example a microcontroller or standalone waveform
generator.

(a]
e MOSFET
v L
I .
= LG V_I_control
[/}

Figure 3.1: Basic idea for perturbing the battery current involves precisely
discharging the battery cell driving the gate of a MOSFET.
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B 32 Advantages of this approach

One of the most important features of this solution is that it is independent
and modular, i.e., its operation does not rely on that of other existing systems
or parts in the car. While implementing EIS using an existing part to perturb
the current, such as the inverter or a DC/DC power converter, would reduce
the overall part count, such an approach would come with significant disad-
vantages. As safety and compatibility of parts is crucial in the automotive
industry, implementing any changes in the software of existing parts means
that extensive testing of the new configuration is required, let alone changes
in the hardware side of the parts. By creating an independent and modular
system, we thus gain the opportunity to avoid these expensive and time-
consuming tests that need to be performed. With that said, introducing a new
part means that the part also has to be tested, however, due to its simplicity,
the testing is not expected to be overly complicated or extensive. Modularity
provides a host of other benefits as well, including easier maintenance and
repair, scalability and upgradability, faster development and prototyping.

Another advantage of this solution being independent and modular is its
independence on the state of other systems during operation. The EIS mea-
surement can be done during driving, charging the battery, when the vehicle
is parked and turned off or in nearly any other situation that the vehicle could
need information about the battery modules to maximize range, performance
or increase safety measures.

As another benefit, the solution does not use any switches and it works
in linear mode. Therefore, it doesn’t create any switching noise or higher har-
monic signals that could cause problems with electro-magnetic compatibility
within the vehicle. Also, it is expected to generate minimum noise that will
not appreciably affect the precision of the measurement.

Moreover, using a simple circuit requires a small number of electrical compo-
nents creating a lightweight part that does not significantly affect the overall
weight of the already heavy EVs. In addition to that, the small number of
electric components makes for a low-cost implementation.

. 3.3 Limitations of this approach

One limitation of this solution is that the battery is only being discharged.
To perform the measurement, discharge waveforms with DC bias are created.
In doing so, the current is discharged from the battery. However, the measure-
ment is performed in a short amount of time. Even though the discharged
current is relatively high, the short time period will ensure that the extracted

10



3.3. Limitations of this approach

power will not be as significant.

As study from 2006 [6] shows, the difference between using charge or dis-
charge direction of the current that perturb the battery has minimal effect on
EIS and both charge and discharge methods are feasible for this application.
Also study from 2018 [I] examine the influence of timescale on which is the
measurement of the internal resistance of and lithium-ion cells performed.
The research concludes that the interval from the start of the perturbation to
the point on which is the measurement performed should be 4ms, but more
commonly is use of 0.1s interval. In that study researchers used a fixed DC
step. However, in this case the sinusoid signal is used to perturb the battery.
Regarding that, the planned frequency range is under 2kHz, which aligns
closely with the suggested range.

A method in study from 2004 [7] suggested that the frequency of perturbing
signal of a battery should be in the mHz range. With that the precision will
increase and the obtained data will be more relevant. Nonetheless using low
frequency has downsizes as the signal may not be as stable and the spectrum
could be less representative than using a more stable higher frequency range.
Moreover, using low frequencies requires longer time to measure and the data
are less representative as the actions in real use of the battery are not on the
lower frequencies.

The study from 2014 [§] discusses and demonstrates the use of a DC/DC
converter to generate signals that perturb the battery. The researchers im-
plemented a filter to reduce noise from switching and inductance. As in the
study mentioned before [4], they encountered problems with accuracy of the
measurement. With that, the solution of this study that doesn’t use any
converter may benefit from the fact that there are no switches and relies on
simple circuitry.

11
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Chapter 4

Implementation

B 41 Circuit description

The complete EIS circuit schematic diagram is presented in figure 4.1l Note
that the specific parts and reasons for choosing these parts will be discussed
in the next section. In the circuit shown in figure [4.1], the first op-amp Ul is
used as a part of the circuitry that adds a DC offset (red dashed box) to the
input signal. This part of the circuit is optional. If the device performing
the measurement is capable of adding a DC offset to the input signal, such
that the signal values remain positive, then this part of the circuit can be
removed.

The input signal is assumed to be a sine wave connected to pin Vj;, and the
DC offset voltage is applied to pin Vpe which should be equal to (or slightly
greater than) the amplitude of the sinusoid input on V;,. The peak-to-peak
voltage of the sinusoid is assumed to be 400 mV'. By using this voltage and a
drain resistor RS = 0.5€2, the peak of the current through the main circuit
is estimated to be around I, = 400mV/0.502 = 800mA Given the battery’s
published impedance (70mS2), this is expected to produce a reasonable volt-
age variation AV = 800mA - 70m2 = 56mV on channel 2 (Vo). This
configuration ensures sufficient resolution for precise measurements, aligning
with the capabilities of typical spectrum analyzers and MCUs. Resistors R3
and R4 are used to scale the Input signal to correct values.

Op-amp U2 is used as a follower of the voltage on the source of MOS-
FET M1 and its output is connected to the gate of the M1. In combination
with MOSFET M1, it controls the voltage across the reference resistor (RS)
to be equal to the Input signal voltage. Resistor R6 is used to dissipate power
which reduces the power dissipation of M1 as this MOSFET can overheat,
especially during a long measurement with high current. To reduce the chance
of overheating, small heatsinks are used on M1 and R6.

Resistors R1 and R2 function as a voltage divider for channel 2, enabling the

measurement to be performed by a typical MCU. In this configuration, the
maximum voltage on channel 2 is scaled down to compatibility with a 3.3V

13



4. Implementation

Main circuit '
' |
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Figure 4.1: Full circuit diagram

architecture. To calculate the measured impedance of the battery cell 2, the
following equation 4.1] is used.

- Rg - (4.1)

Where Z,; is the calculated impedance, Vo is the voltage measured on
channel 1, Voo is the voltage measured on channel 2, Rg is the resistance of
the reference resistor, and R; and Rs are resistors used in voltage divider.

The op-amps can be powered either from an external source (Vee) or directly
from the batteries. For the sake of simplicity and to mitigate potential issues,
an external source is chosen for this project. This decision is made to prevent
complications that may arise from the battery pack, which consists of only
two cells with a total voltage of 8V and a lower capacity. The output voltage
of the batteries is susceptible to being affected by the current drained during
the measurement process.

. 4.2 Part selection

B 4.2.1 Battery

Lithium-ion battery cells are chosen to measure in this work because lithium-
ion batteries are the most commonly used battery type in electric vehicles [16].
However, instead of choosing a high-voltage EV battery pack, for safety and
practical reasons two off-the-shelf commercial batteries connected in series
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4.2. Part selection

are chosen as device under test for EIS. Specifically, RS PRO ICR14500 [17]
battery cells were selected for the following reasons:

1.

Battery cell includes soldered wires on the terminals. Therefore, no
external holders need to be used, eliminating contact resistance and
other parasitic impedance that may occur between the battery and the
holder.

The maximum output current of the battery cell is 2600m A, which is
sufficient for this application as the maximum peak excitation current
for EIS measurement is below 1A.

The battery initial impedance, measured at room temperature at 1 kHz,
is rated at max 70mOhms. Combined with a perturbing current of
1A peak-to-peak, this creates a change in the voltage of the battery
cell of 70mV peak-to-peak which is large enough to be sampled with a
reasonable resolution using either a benchtop spectrum analyzer or ADC
of a typical microcontroller.

According to the datasheet, the typical capacity of the battery cell is
820mAh, providing reasonable time to charge and discharge the battery
which makes testing for different SOCs convenient. However, note that
used EIS measurement approach is based on discharging the battery
and may therefore influence the measurement if the battery cell’s SOC
changes appreciably during the measurement (especially at very low
frequencies in the milli-Hz range). A battery with higher capacity would
be potentially less viable to this inaccuracy.

4.2.2 MOSFET

For the MOSFET, which manages the current through the batteries, the
IRLZ24NPBF [18] were chosen based on following parameters:

1.

2.

The threshold voltage is low enough to work within the given voltage
range.

The drain-source resistance of 105mf2 is low enough enabling the wanted
current of 1A to flow through the resistor.

The maximum gate-source voltage is 16V and the maximum drain
current is 18 A, which are both within the safe range for this application,
considering the maximum voltage of the circuit is 8V and maximum
current though the transistor is 1A.

4.2.3 Op-amp

To regulate the voltage on the MOSFET gate, the LT1363 [19] operational
amplifier was selected for the following reasons:
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4. Implementation

1. It supports single-rail power configuration, reducing the need for a
negative power supply. Thanks to that, the op-amp can be powered by
either a battery or an external DC power supply.

2. Both input and output types are rail-to-rail, allowing both input and
output voltages to ground (0V') which is convenient and allows for a
minimum DC offset of the discharge current.

3. The minimum supply voltage of 2.6V is suitable for this application, given
that battery (series connection of two battery cells) is approximately
8V. Furthermore, the maximum supply voltage of 44V provides the
possibility of expanding to more battery cells.

4. The slew rate of 70mV/us is sufficient for this application.

5. The op-amp comes in the PDIP-8 package, which makes it suitable for
both breadboard and soldering prototype boards.

B 4.2.4 Other components

The resistor models used in the circuit are selected according to their power
rating, as some dissipate up to 5W and wide variety is used, ranging from
500m2 to 10k€2. Bypass capacitors are used at the power pins of the op-amp
to reduce inconsistency in power supply. Figure of circuit on the prototype
board.

B 23 PCB design

A printed circuit board (PCB) was designed using KiCad, an open-source
electronic design automation tool that allows creating PCB designs. This
software was chosen for its free access, user-friendly and simple interface.
The PCB, representing the circuit in figure [4.1) is designed as a two-layer
board to accommodate all needed components and connections. The design
is simplistic and can be condensed into a smaller package, yet it enhances
understanding of the circuit and allows for the use of components with
heatsinks. It features numerous ground points to facilitate connections with
multiple measuring devices for testing the board. Additionally, the circuit
features a ground plane as it is usually used to reduce crosstalk, enhance
EMC performance, and provide a low-impedance and reliable return path.
The 2D layout and 3D model of the PCB design are illustrated in figure [4.2
and figure [4.3| respectively.
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4.3. PCB design

Figure 4.3: 3D KiCad model of the circuit

Note that the main focus in designing the PCB is to demonstrate what
a production circuit would look like, providing insights into its size and cost
estimation. As this work focuses on prototyping and validating the concept
of onboard EIS measurement implementation, the PCB is not physically
manufactured. Instead, only the version on the prototyping board, shown in
figure is made as it allows for convenient changes in the circuit, reducing
cost and waiting time for new PCBs.
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4. Implementation

Figure 4.4: Measurements with prototype board

B 4.4 Bodel00 spectrum analyzer

Testing is a crucial part during the development of a new idea. To ensure
the circuit works as intended before implementing the measuring procedure
on an MCU, a standalone laboratory device was used. This approach adds a
certain precision, as errors are more likely to occur on the circuit itself than
on the device used to perform the measurement. Moreover, the errors can be
easily distinguished, making it easier to find their causes.

Figure 4.5: Omicron Lab Bode 100 spectrum analyzer - taken from [20]

As an external measuring device, Omicron Lab Bodel00 [20] spectral analyzer
was selected as it offers various measuring methods, including impedance
analysis and frequency response analysis. Another reason for selecting this
device was a simple fact, that this device is part of the equipment in the
laboratory, where the circuit was tested. Moreover, Bodel00 can generate
sine waves of different frequencies and amplitudes, allowing it to be tuned as
needed for the correct operation of the circuit.
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4.5. STM32 Nucleo

One of the disadvantages of this device is that the frequency range starts at
1H z, which is not ideal as usually the measuring for EIS starts in mHz range.
However, the measuring range for EIS extends up to kHz range, which is the
device easily capable of. This provides a reasonable range to evaluate the
functioning of the circuit.

Another disadvantage of Bodel00 is that the mean value of the source sine
waves is always 0V. This is a major problem as the battery can’t hold negative
current through them and the circuit is not built to supply op-amps with
negative voltage. To solve this problem, an easy solution was implemented in
the form of adding DC offset to the source signal of the Bodel00. This can
be done by adding a second op-amp. The implementation of this additional
circuitry can be seen on figure |4.1

B 245 STM32 Nucleo

To create a real-time, on-board EIS measuring system and support the project
objectives, the STM32 F303RE Nucleo [21] board is used to interface with
the measuring circuit, replacing the Bode 100 laboratory device used for
circuit evaluation. This specific microcontroller unit (MCU) is used due to
its widespread use in the educational and development environment. Addi-
tionally, thanks to its affordability, any errors leading to board damage do
not significantly impact the overall development cost.

www.st.com/stm32nucleo

Figure 4.6: STM32 F303RE Nucleo board - taken from [22]

The programming language for the Nucleo is C. To create and compile
the program running on the board, Studio Keil IDE was used with Mbed de-
velopment platform. This compiler, provided directly by ST Microelectronics,
supports all necessary libraries. The F303RE Nucleo features an ARM 32-bit
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4. Implementation

Cortex-M4 CPU, offering four 12-bit analog to digital converter (ADC) and
two 12-bit digital to analog converters (DAC). In the implementation for this
project, two ADC and one DAC are used.

The implemented program is designed to excite the EIS circuit with a sinu-
soidal signal generated from samples through DAC connected to pin PA_5
and measures the voltage levels of Vo connected to pin PA_ 0 and Vogo
connected to pin PA__1. All three pins are configured to analog output/input.
The main loop sets the voltage on the output and uses the wait() function to
wait for one sample period. Afterward it samples the input signal of Vo
and Vops. Note that the sample period is calibrated to include the time to
change the output and to perform the reading of the voltages. The measured
data is then exported through UART to a PC that is connected to the board
using USB. The data is then exported to Excel table, from which it is used
for post-processing.

Start —=> Import data to Matlab <}—
I v
Create sine wave Window the sine
—>  signal of given wave
frequency

v
) ] Aply Goezel

EIS circuit excitation algorythm
and V_CH1 and
V_CH2 capturing

L i i Repeate for every
frequency
Calculate Impedance

Repeate for every

wanted frequency Exporting data to PC

as Excel file v
Create Nyquist
diagram

Figure 4.7: Flow chart of the measuring process using MCU

In the post-processing phase, magnitude and phase are calculated from
the two sampled signals using MATLAB. This shift of post-processing from
the MCU enables faster calculations, easier prototyping and allows for testing
different methos of extracting the wanted parameters. The approach for this
project entails extracting the phase from the sampled sine wave data by first
windowing the signal, which smooths out abrupt changes of the sinusoid at
the edges of the window, and then using the Goetzel algorithm. The results
of this implementation are discussed in chapter [5| The C code for the F303RE
Nucleo and MATLAB script are presented in Appendix [Al
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Chapter 5

Experiments and results

B 5.1 Circuit evaluation using Bode 100

To evaluate the accuracy of the voltage-controlled current sink circuit in
conjunction with the Bodel00 spectrum analyzer (employing the Bode 100
to generate the excitation sinusoid and measure the gain) for measuring
impedance, a 500mOhm resistor was used as a device under test (DUT). The
circuit was slightly modified to account for the DUT being a resistor rather
than battery cells. To power the circuit, an external power supply was used.
The modified circuit is shown in the figure [5.1]

VCC

ﬁ RDUT = 0.5Q
V.CH2 ¢ y
] R5 = 100 @ -
L4 @
M1 U2
== u VvV g,
— \
w| v_cH1 -
§ RS = 0.5Q
R4 = 10 kQ
10k
R3 = 10 kQ
Vp_sin AVAV. g Sin+DC

U1
S e
Vp_DC

Figure 5.1: Diagram of modified circuit for resistor measurement
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5. Experiments and results

To measure the resistance of the DUT, the Bodel00 was set to Gain/phase
mode. This mode sweeps its output over frequency and measures the transfer
function Vopma/Vomi. The Bode 100 was calibrated using the unit’s through
calibration procedure. Channel 1 and channel 2 are connected as shown in
figure The circuit was constructed on a breadboard as shown in figure
The resulting impedance is calculated by the equation 5.1

- e E o w
" s s v v w w g
L] LI LR

LA
AW s e mEmE

Figure 5.2: Breadboard prototype for resistor measurement

Vona(f)

Z(f)=Rs - Vorni ()

(5.1)

Where Z(f) is the resulting impedance, Rg is the resistance of the reference
resistor and Vg1 and Vopgo are the measured voltages at the measuring
points. The resistance is calculated by taking the real part of the impedance

Z(f)-

Figure 5.3 shows a plot of the measured impedance magnitude. It is seen that
around 1kHz the impedance rapidly increases. This resonance-like behavior
is not due to the DUT, since the operating frequency is much less than the
self-resonant frequency of this resistor. Instead, the resonant behavior is due
to the “parasitic” impedance of the rest of the circuit connected to the DUT,
including the parasitic inductance of the power supply cables, the power
supplies input impedance, and the nonideal breadboard connections.

To remove this impedance, an additional calibration step was performed.

The DUT resistor was replaced by a short circuit and a second measurement
was performed to directly measure the “parasitic” impedance. This impedance

22



5.2. Battery measurement evaluation

Impedance of R_DUT
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Figure 5.3: Measured impedance of resistor as DUT using breadboard prototype

was then subtracted out of the first measurement to obtain the impedance of
the DUT resistor redirectly. The results of this measurement are shown in
figure (blue curve). For comparison, this figure also shows the resistance
of the DUT measured directly using the Bode 100’s impedance measure-
ment mode with a B-WIC impedance adapter. The error between these two
measurements is only 2.5%. Moreover, the measured resistance using the
circuit presented is within the tolerance published in the resistor’s datasheet
[23], whereas the measurement obtained using the Bode 100’s impedance
measurement mode with the B-WIC impedance adaptor actually falls outside
the manufacturer’s published tolerance. Note that figure |5.4 shows the real
part of the impedance (the resistance), and the imaginary part is not shown
because of its negligible contribution to the overall impedance.

Resistance of R_DUT

0,53

051

Real Impedance [(]

0,49
047

0,45
10 100 1000 10000
e Calibrated voltage-controlled current sink drcuit Frequency [Hz]
e Bodie 100 withB-WIC module

Figure 5.4: Measured resistance of DUT using B-WIC Bode 100 extension
(orange) and using calibrated circuit (blue)

B 5.2 Battery measurement evaluation

To measure the impedance of a battery, the circuit shown in figure is used
in combination with the Bode 100 spectrum analyzer. As in the previous
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5. Experiments and results

section, the Bode 100 was set to Gain/phase mode and calibrated. The circuit
was powered by an external power supply set to 8V. The Bode 100 was set
to measure the Gain from 1Hz to 20kHz.

Bl 5.2.1 Battery impedance measurement at different SOC

The measurement at different states of charge (SOC) was done to validate
the functionality of the circuit. To change the SOC, battery 2 was partially
discharged between each measurement, starting from a full charge at 4.1V
and concluding at approximately 20% SOC with a voltage of 3.43V. Following
each discharge step, the battery was cooled to the laboratory temperature,
given the highly sensitive nature of the battery impedance on temperature.
The battery impedance values obtained for each open circuit voltage are
graphically represented as a Nyquist plot in figure 5.5l Note that open circuit
voltages are correlated to SOC — a lower (higher) the open circuit voltage
indicates a lower (higher) SOC.

Battery impedance at different open circuit voltage
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-0,01
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-0,05

Re Impedance [Q]

—l. 1V e 3 B4V 3.73V 3.64V —3.51V e 343V

Figure 5.5: Nyquist diagram of measured battery impedance at different open
circuit voltage

As evident from figure , the resistance increases (i.e., the Nyquist plot
expands) as SOC decreases, as expected. A comparison with the results of
a study from 2020 [24] on a Kokam lithium polymer pouch cell, shown in
figure reveals a similar trend to the measured results in this thesis. This
agreement supports the presented EIS measurement technique and demon-
strates its potential. Note that the Bodel00 spectrum analyzer is not able
to measure frequencies lower than 1Hz, whereas the results in [24], includes
lower frequencies down to 10 mHz, which accounts for the characteristic rise
in impedance at low frequencies shown in figure [5.6.
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5.2. Battery measurement evaluation
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Figure 5.6: Nyquist diagram of measured battery impedance at different SOC

from [24]

The impedance at 1 kHz is marked with a red circle for the 4.1V curve
shown in figure According to the battery specification [17], the maximum
initial impedance is specified as 70mOhms. Initial impedance is typically
defined at 1kHz. In this measurement, the impedance at 1 kHz remains
relatively constant throughout the measured SOC range. The measured
impedance is 82mOhms which is 17.1% off the value claimed by the manu-
facturer. There are a variety of potential causes for this deviation. The first
cause of the error could be due to temperature. The manufacturer measures
the initial impedance at a specific and controlled temperature (not specified
in the battery’s datasheet), whereas the measurement presented in figure
5.5 was performed at ambient laboratory temperature. Other causes of this
deviation could be systematic measurement errors or the parasitic impedance
of the wires and connections in the measuring circuit.

The best way to evaluate the measured data would be to compare them
to reference data obtained from calibrated laboratory equipment. However,
this equipment was unavailable during the time frame for this thesis, both
within the company where the measurements were performed, and in the
equipment available at the university.
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5. Experiments and results

B 5.2.2 Battery impedance measurement at different
temperatures

The measurements at different temperatures were done to validate the func-
tionality of the circuit. The DUT battery 2 was charged to an open circuit
voltage of 4.1V and measured over a temperature range from 14 °C to 44.8 °C.
To change the temperature, the battery was initially cooled in a refrigerator
to achieve temperatures below the ambient temperature of the laboratory
and then heated by heat gun to achieve temperatures higher than ambient
temperature.

The battery cell ‘s temperature was measured using a thermal camera. This
approach is not ideal, as the outside temperature of the battery can vary
from the temperature inside the battery cell and the temperature is not
uniform. To eliminate this problem as much as possible, the temperature was
measured at the battery’s electrode. The battery impedance values obtained
for each temperature are graphically represented as a Nyquist plot in figure|5.7

Battery impedance at different temperatures
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Figure 5.7: Nyquist diagram of measured battery impedance at different tem-
peratures

As evident from figure , the resistance increases (i.e., the Nyquist plot
expands) as the temperature decreases, as expected. A comparison with the
results of a study from 2020 [24] on a Kokam lithium polymer pouch cell,
illustrated in figure [5.8| reveals a similar trend to the measured results in
this thesis. This agreement further supports the presented EIS measurement
technique and demonstrates its potential. As shown in figure the battery
impedance is strongly dependent on the temperature, which underscores the
importance of an TMS on battery performance. It is important to note
that the battery temperatures shown in figure are only indicative as the
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5.3. Battery impedance measurement using MCU

temperature was not managed precisely, for example, by using a thermal
bath. Moreover, the temperatures may have changed during the measurement.
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Figure 5.8: Nyquist diagram of measured battery impedance at different tem-
peratures from [24]

B 53 Battery impedance measurement using MCU

In a realistic onboard EIS system, a microcontroller would be used in con-
junction with the EIS circuit for battery impedance measurements (instead of
a benchtop spectrum analyzer like the Bode 100). In this work, the STM32
F303RE Nucleo microcontroller is used in the prototype onboard EIS mea-
surement system. The measurement starts at 2kHz, as this was the upper
frequency limit achievable with the implemented approach and goes down to
50mHz. Measured data were exported to a PC using UART and then saved
in an Excel table. From that, the data were exported to MATLAB, where
they were post-processed to calculate phase and Impedance. The resulting
Nyquist plot is presented in figure

As seen in figure the impedance at lower frequencies (on the right)
follows the same trend as in figures and from the study [24]. However,
at 2000Hz (on the left), the impedance deviates from the expected trend.
This could be caused by an error in the measurement or by the limited precision
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Battery impedance measured with MCU
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Figure 5.9: Nyquist diagram of measured battery impedance using MCU

of the MCU. Given its 12-bit ADC and operating range of 0 to 3.3V, one
LSB is approximately 0.8mV, and the change in the measured voltage caused
by the generated sinewave is only 40mV. In this scale, the measured data
lacks precision. This quantization issue can be addressed by using a different
MCU or external ADC with a higher resolution, or by increasing the voltage
amplitude of the perturbing sine wave. However, such modification would
also increase the power usage of the circuit, leading to an increase in heat
that needs to be dissipated. This, in turn, increases cooling requirements and
may result in the need for an active cooling system.

Further enhancement can be achieved by improving the precision of the
sinewave generation, as the current implementation relies on the wait() func-
tion for sampling time. One technique which could provide more consistent
sample times between samples involves replacing the wait function with an
interrupt method. Alternatively, a PWM output and an RC filter can be
used for sinewave generation, which eliminates the need for a DAC but adds
high frequency switching noise. However, it is important to note that both
methods may encounter limitations regarding the sampling speed of the ADC.

Despite the measured data using an MCU not matching the precision of
results obtained with the Bode 100 spectrum analyzer, it still represents a
noteworthy achievement. The results show the effectiveness of the imple-
mented EIS-measurement technique for obtaining battery impedance data
using the voltage-controlled current sink circuit and showcases the potential
of such an implementation.
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Chapter 6

Conclusion

B 6.1 Summary and results

In this thesis, a low voltage prototype of an EIS measurement system was
developed to demonstrate its feasibility and identify opportunities and chal-
lenges for onboard battery EIS measurement for EVs. The prototype uses a
voltage-controlled current sink to perturb the batteries. A sinusoidal signal is
used as the input and the measured change in battery cell voltage is used to
calculate the impedance of the battery. This measurement is performed for
different frequencies to obtain the full Nyquist plot.

Two different versions of the prototype were built - one using Bode 100
spectrum analyzer and the other using STM32 F303RE Nucleo MCU. Using
the Bode 100, a variety of measurements were performed at different battery
SOCs and at different battery temperatures. The measurements show that
the battery impedance is a function of SOC (i.e., impedance increases with
lower SOC) and battery temperature (i.e., impedance decreases with higher
temperatures). In particular, it was observed that battery impedance is highly
sensitive to temperature change. Overall, the measurement results show a
good agreement with what is expected based on similar measurements in
the literature. Ideally, the measured results would be compared to reference
measurements using a commercial battery impedance analyzer; however, such
equipment was unavailable during this study. Using the MCU, the measured
impedance at low frequencies matched expectations. However, at higher
frequencies, the MCU “s 12-bit ADCs and perturbing implementation were
slow and not precise enough to produce expected results.

Using the Bode 100, the measured initial impedance at 1kHz is approxi-
mately 17% higher than the expected value based on the battery s datasheet.
This difference may be attributed to factors such as a difference in battery
temperature during measurement or other aspects of the measurement setup.

Overall, this work demonstrates the feasibility of using a voltage-controlled cur-

rent sink circuit in an EIS measurement setup for acquiring battery impedance
data. The circuit is relatively simple and cost effective, which showcases the
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6. Conclusion

potential of this implementation for onboard EIS, thus establishing a solid
foundation to build upon for future iterations.

B 6.2 Fulfilment of partial tasks of the thesis

The partial tasks of the thesis were fulfilled.

® Research battery management systems (BMSs) and EIS for EV batteries
— elaborated in the chapter |2/ and chapter |3

® Design an active current excitation circuit for online battery EIS. Apply
this circuit with laboratory test equipment to measure the impedance
spectra of lithium-ion battery cells — elaborated in sections 4.1] - 4.4 and
evaluated in sections 5.1/ and [5.2

B Develop a microcontroller-based EIS system prototype that manages the
current excitation circuit, acquires current and voltage measurements,
and generates the battery impedance spectra — elaborated in sections
4.5l and evaluated in section 5.3

. 6.3 Discussion and future work

Throughout the thesis, important insights have emerged. One of them is
the emphasis on the precision of the circuit with which it is built, as it
directly affects the precision of the measurement, and the environment in
which the circuit is operated, as the battery impedance is highly sensitive to
temperature changes. This stressed a need for better battery thermal reg-
ulation during the validation measurements, for example using a thermal bath.

A notable concern arises from the measuring duration, especially when op-
erated in the milli-Hz range, lasting tens of seconds. For example, while
measuring at a frequency of 50mHz and capturing 10 periods to create
representative outcome, the duration of the measurement is equal to T =
10-1/(50 - 1073) = 200s. This extended duration poses potential challenges
in real-time applications, as the battery can undergo significant discharg-
ing and charging during normal operation. Furthermore, within this time
frame, the battery temperature may change, significantly influencing the
precision of the measurement and potentially skewing the obtained results.
In addition, the lower the frequency, the higher the discharge of the battery.
For example, during the 10-period measurement at a frequency of 50mHz
(T = 200s) with a maximum current peak of 800 mA, the battery is discharged
22mAh, which is about 2.7% from its full capacity (820mAh). While the
percentage may seem significant, it is important to note that the battery
cell used for testing has a significantly smaller capacity than those used in EVs.

One approach to provide stable and reliable results is to perform the mea-
surement while the car is stationary or parked, eliminating the problem with
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fluctuating battery charge during a measurement. However, this limits the
usability of the technique, especially while obtaining the data to calculate
remaining charge. Another option is to implement a complex algorithm that
incorporates driving data concurrently with the impedance measurement
process.

Another concern arises when scaling the prototype up to high voltages (800V),
as a substantial power flow through the measuring circuit generates heat
that requires dissipation. In this low voltage prototype (8V, 800 mA), the
average dissipated power during an impedance measurement is calculated to
be 1/2-8-0.8 = 3.2W. This power is dissipated in the measurement circuit and
requires heatsinks to dissipate the heat. For a high voltage (800V) system, the
dissipated power would be around 320W. This requires a more sophisticated
thermal management to keep the system at optimal temperatures. Especially
when using a high voltage MOSFET.

Despite these challenges, this nondestructive and simple technique appears
well-suited for onboard EV battery impedance monitoring. It offers crucial
real-time information, such as SOC and temperature of battery cells, and
holds the potential to enhance BMS compared to the current passive technique.
Therefore, pursuing onboard EIS seems worthwhile, especially considering
the advancements in machine learning and AI. These technologies could play
a significant role in interpreting and utilizing the measured data for the BMS.
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Appendix A

Content of enclosed codes

Enclosed codes are presented in two folders

B F303RE  Nucleo code This folder contains code for F303RE Nucleo
board, that is responsible for perturbing and measuring voltages of
the circuit.

B Matlab__ postprocessing This folder contains code to process data
obtained by F303RE Nucleo board. It also contains raw measured
data by this MCU.
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