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A B S T R A C T

In this article, an on-line impedance measurement technique for a battery pack is demonstrated and proofed,
using only the already existing sensors and accessible bus data in an electrified vehicle. A sufficient amount of
AC harmonics in the DC-link current, for the identification purposes, is created in normal driving conditions.
Fourier analysis is used to process the data and extract the impedance information. It is found that the proposed
on-line method can accurately measure the battery pack impedance at a low frequency range (5 Hz to 10 mHz)
with 40 Hz sampling frequency in the bus data. A key impedance value in the electrochemical impedance
spectroscopy can be captured clearly in different conditions, which can be used to track the battery state of
health. A recorded current waveform during an on-road test is reproduced by a state-of-art battery tester in
a lab and the obtained results are compared with impedance values measured by a classic potentiostat. The
results from the on-road test have an excellent agreement with lab measurements.
1. Introduction

Although prices are declining, batteries still remain to be one of
the most expensive components in an electrified vehicle. In order to
fully utilize the battery during its life in vehicles, it is important to
monitor its performance [1,2]. There are two key features that need
to be identified to estimate the state of health (SOH) of a battery:
the remaining capacity and impedance. The remaining capacity of a
battery can be fairly well estimated during the charging events if the
vehicle is a plug-in hybrid electric vehicle (PHEV) or a battery electric
vehicle (BEV). The impedance typically increases with battery aging
which results in a reduced output power [3]. However, compared
to the estimation of the battery pack’s capacity, determination of its
impedance is more complicated.

Common methods to estimate the battery pack impedance are using
Kalman filtering (KF) [4,5] or adaptation algorithms [6,7] together
with equivalent circuit models (ECMs) that consist of resistors and
capacitors. A limitation for these methods is that the models and
algorithms are detailed to a specific battery, and requires continuous
tuning, for instance due to ageing. In addition, the simplified ECMs
cannot represent the battery’s nonlinear properties and thus the results
are difficult to interpret with physical meanings.

Apart from estimation techniques, there is a great interest in study-
ing how to perform a measurement of the battery impedance in the
frequency domain, where models are not needed [8,9]. To measure
the battery impedance accurately in a laboratory environment, the
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method Electrochemical Impedance Spectroscopy (EIS) is commonly
applied, where current signals with different frequencies are injected.
This method requires a dedicated potentiostat which is typically not
available to a battery pack in an electric vehicle application. There have
been attempts made to measure the battery pack’s EIS via the harmon-
ics in the electrical system [10], with the challenges that the results
can deviate due to drifting, noise and narrow-band distortions [11].
In [12,13], dc–dc power electronics converters are manipulated to
create harmonics injected into the battery. In [14] an electric motor
was used to generate excitation signals and the impedance of a 12 V
battery pack was measured from 1 Hz up to 2 kHz. However, in the
literature mentioned above, the experiment has only been performed
in lab environment with a controllable setup and the data acquisition
system has a very high sampling frequency. Neither of the circum-
stances are available in a normal electric vehicle. [15] presented a
study case where a vehicle was driven according to standard drive
cycles to extract the battery impedance. The extracted information is
used to estimate the state of charge of the battery pack with a circuit
model and an extended Kalman filter. The estimated parameters in
the circuit model varies significantly depending on the selected drive
cycles and they give little information about the physical properties of
the battery and are thus not suitable for the aging diagnostic purpose.
Bohlen O. demonstrated a method to extract the impedance spectrum
of a lead–acid starter battery in [16]. The accuracy and validity of the
vailable online 25 March 2022
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proposed methodology was carefully analyzed, however the results did
not provide a clear impedance trajectory so that a key value could be
extracted.

To sum up, what is missing in available literature is a methodology
and its proof of concept in real life regarding on-line measurement of
battery pack parameters, which can be used in commercial vehicles,
with the deficits regarding data acquisition, and provide key infor-
mation of the battery state of health, through the determination of
a key impedance value. The goal of this work is to demonstrate a
proposed methodology through which this key aging factor can be
identified using standard sensors available in commercial vehicles. This
is achieved by driving a PHEV at various temperatures and states of
charge. Data on the Controller Area Network (CAN) bus is collected
during driving and processed by using Fourier analysis to extract
the key parameter. Furthermore, an important target in this context
is to verify the results in a laboratory environment with, a for this
purpose dedicated instrument, i.e. a potentiostat to proof its validity.
The proposed method is able to measure the EIS at a low frequency
range down to 10 mHz and determine the sum of the ohmic resistance
and charge transfer resistance, which is a key information for battery
aging diagnostics [17,18]. This value can be tracked during driving
throughout the electric vehicle lifetime whereas another aging feature,
the capacity fading, can be tracked during charging.

The contribution with this article is thus that it demonstrates, in a
real-life application, how a key impedance value of a vehicle battery
can be found only using the data transmitted via a typically available
standard CAN bus for aging diagnostics, which has not been published
so far in scientific literature.

2. Theory

2.1. Electrochemical impedance spectroscopy (EIS)

During charge or discharge, a series of electrochemical processes
occur inside the battery with different time constants. In Fig. 1, the
electrochemical processes are illustrated with a transmission line struc-
ture, where 𝑅𝑠 represents the resistance of the electron flow paths in the
particles, 𝑍𝑙 reflects the mass transport of the electrolyte, 𝑈 is the open
circuit potential, 𝑍𝑤 is the Warburg impedance caused by the diffusion
process inside the particle, 𝑅𝑐𝑡 is the charge transfer resistance caused
by the charge transfer reactions, 𝑅𝑓𝑖𝑙𝑚 is the additional resistance cre-
ated by the solid electrolyte interphase (SEI) on the negative electrode
and the solid permeable interface (SPI) on the positive electrode. 𝐶𝑑𝑙 is
the double layer capacitance due to adsorption. The current flow in 𝐶𝑑𝑙
s a non-faradic process which is independent from the electrochemical
eactions and therefore it is connected in parallel with 𝑍𝑤, 𝑅𝑐𝑡 and
𝑓𝑖𝑙𝑚.

One example of an EIS measurement result and how it reflects the
lectrochemical processes is shown in Fig. 2. At a very high frequency
ange (kHz), the battery system shows an inductive behavior which
s related to the wiring connections [19]. At 505 Hz, the inductive
nd capacitive behaviors in the system are balanced, and the battery
mpedance is purely resistive at this point. The impedance at this
ero-crossing point is often called 𝑅0, which includes the electronics
esistance in the current collectors and electrodes, as well as the ionic
esistance in the electrolyte. Since the electronic conductivity in the
lectrode is a few orders of magnitude higher than the electrolyte
onductivity, 𝑅𝑠 has a much smaller value than 𝑅𝑙. Therefore, 𝑅0 is

dominated by the electrolyte resistance in the separator 𝑍𝑙,𝑠𝑒𝑝. With a
decreasing frequency, the charge transfer reactions are pronounced and
a semi-ellipse shape appears in the impedance plot as the result of a RC
link connected in parallel. The width of the semi-ellipse is defined as
𝑅1. This semi-circle is slightly pressed in the vertical direction since the
double layer capacitor is a non-linear component [20] and it is merged
from two semi-ellipses from the two electrodes. At a low frequency
range (<1 Hz), the slowest process in the battery, the Li-ion diffusion in
2

Fig. 1. Electrochemical processes inside the battery.

Fig. 2. The impedance of a Li-ion battery measured with a potentiostat by using EIS
at 20 ◦C 50% SOC and how it can be interpreted with physical phenomena.

the particles, is visible in the EIS plot, the so called Warburg impedance.
Besides the material and geometry, the battery EIS is also affected by
temperature, current magnitude and direction, state of charge (SOC)
and SOH. To demonstrate this, the impedance of the cell used in this
work is measured by using EIS at different states of charge, from 100%
to 0% with a step size of 10%, at different temperatures of 10 ◦C,
20 ◦C, and 30 ◦C. The results are presented in Fig. 3. The impedance
dependency on SOC and temperature can be explained with an example
of the charge transfer resistance. The charge transfer reaction can be
described with the Butler–Volmer equation

𝑗 = 𝑗0(𝑒𝑥𝑝
𝛼𝑎𝐹𝜂
𝑅𝑇

− 𝑒𝑥𝑝
−𝛼𝑐𝐹𝜂
𝑅𝑇

) (1)

and the charge transfer resistance at the particle surface is

𝑅′
𝑐𝑡 =

𝜂
𝑗

(2)

where 𝑗 is the charge transfer current density per surface area [A/m2],
𝑗0 is the exchange current density, 𝛼𝑎 and 𝛼𝑐 are the anodic and

cathodic constant, 𝐹 is the Faraday constant, 𝑅 is the gas constant, 𝑇
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Fig. 3. The impedance of a Li-ion battery measured with a potentiostat by using EIS
at different temperatures and states of charge, with a step size of 10% SOC. The results
demonstrate how the temperature and SOC affect charge transfer resistance. The charge
transfer resistance is higher at a low temperature and low SOC.

is temperature and 𝜂 is the overpotential caused by the charge transfer
reaction.

𝑅𝑐𝑡 and temperature: When the battery is at its equilibrium state,
i.e. zero net current on the macro scale, there is, however, current
flows on the micro scale, but with the same magnitude in both direc-
tions. This current flow is called the exchange current density 𝑗0. The
exchange current density of lithium intercalation 𝑗0 is

𝑗0 = 𝐹𝑘𝛼𝑎𝑐 𝑘𝛼𝑐𝑎 (𝑐𝑠,𝑚𝑎𝑥 − 𝑐𝑠,𝑠𝑢𝑟𝑓 )𝛼𝑎 𝑐
𝛼𝑐
𝑠,𝑠𝑢𝑟𝑓 𝑐

𝛼𝑎
𝑙 (3)

here 𝑘𝑐 and 𝑘𝑎 are the cathodic and anodic rate constants, 𝑐𝑠,𝑚𝑎𝑥 is
he maximum concentration in the particle (these three parameters are
aterial related properties), 𝑐𝑠,𝑠𝑢𝑟𝑓 is the Li-ion concentration at the
article surface which is SOC dependent and 𝑐𝑙 is the Li-ion concen-
ration in the electrolyte. The rate constants 𝑘𝑐 and 𝑘𝑎 are strongly
ffected by temperature, following the Arrhenius equation. With higher
emperature, 𝑘𝑎 and 𝑘𝑐 increase, and so does also 𝑗0, which gives

lower charge transfer resistance (approximately the width of the
emi-ellipse), as shown in Fig. 3.

𝑅𝑐𝑡 and SOC: In addition to the temperature, 𝑗0 is also affected by
he Li-ion concentrations,

During discharge, the Li-ions flow from the negative electrode to
he positive electrode and thus the Li-ion concentration at the neg-
tive electrode is decreasing, whereas it is increasing in the positive
lectrode. The concentration change will affect the exchange current
ensity in (3) and it is reflected in the EIS measurement that the charge
ransfer resistance is higher at a lower SOC, as shown in Fig. 3. This
ehavior can be observed for all three temperatures. The calculation
f 𝑗0 in (3) assumes a lattice gas behavior in the electrode. With this
implification, the relationship between 𝑅𝑐𝑡 and SOC should be a U-
hape [21]. However, in reality the graphite has a staging process
uring intercalation which does not follow (3) strictly.
𝑅𝑐𝑡 and current: The Butler–Volmer Eq. (1) describes an exponential

unction between the current 𝑗 and the overpotential 𝜂 and the charge
ransfer resistance at the particle surface 𝑅′

𝑐𝑡 is the slope of this func-
ion. Naturally 𝑅′

𝑐𝑡 decreases as the current magnitude increases. Apart
rom the magnitude, the current direction also plays a role. 𝛼𝑎 and 𝛼𝑐
escribes how easy it is to drive the process in one direction or the
nother one. Often these two values are not equal which means it can
e more difficult to drive the current (higher resistance) during charge
r discharge.

In a lab environment, an EIS measurement is performed at equilib-
ium state and the DC current component is zero in the perturbation
ignal, which keeps the battery system in the same state regarding SOC
3

nd temperature. However in this work, the EIS is measured when
he vehicle is driving, meaning both the SOC and the temperature are
arying during the measurement. Therefore it is important to limit the
ength of the data used to extract the impedance so that the battery
tate does not vary too much during the selected time period.

.2. EIS and battery aging

The ending point of the semi-ellipse (1.6 Hz in Fig. 2) is the
argeting point (the value is defined as 𝑅0+1 as shown in Fig. 2) in this
ork, since this point is distinguished in the EIS plot and it can be used

o track the SOH of the battery, as motivated below.
In the majority of the commercial Li-ion batteries, graphite is used

s the negative electrode which is outside of the electrolyte stability
indow and thus there is SEI and SPI forming between the graphite
articles and the electrolyte. It is both a protection layer to keep the
attery functional whereas it is one of the main aging mechanisms in
atteries [22] as it consumes cyclable Li-ions. The resistances caused
y the SEI and SPI are represented as 𝑅𝑓𝑖𝑙𝑚,𝑛𝑒𝑔 and it is increasing with
ging as the SEI and SPI film thicknesses grow [23]. This information
s reflected in 𝑅0+1, the chosen identification point in this work.

Apart from the SEI and SPI formation, another main aging mecha-
nism is structural degradation and particle isolation that leads to a loss
of active materials [24]. As it is shown in Fig. 1, the electrode material
has a porous structure to increase the contact surface area between
the particle and the electrolyte. In (2), the unit of 𝑅′

𝑐𝑡 is [Ω⋅ m2] and
the area here is the total surface area of the particles instead of the
electrode area. The translation between 𝑅′

𝑐𝑡 and 𝑅𝑐𝑡 in the EIS plot is

𝑅𝑐𝑡 =
𝑅′
𝑐𝑡

𝐴𝑑𝑆𝑎
(4)

where 𝐴 is the electrode area, 𝑑 is the electrode thickness and 𝑆𝑎 is
he specific surface area, which is the total surface area per volume.
uring battery aging, the loss of active materials will result in a smaller
𝑎 and thus larger 𝑅𝑐𝑡, which is part of the identification value 𝑅0+1
s well. Moreover, other aging mechanisms such as current collector
orrosion, lithium plating and electrolyte dry out causing decreased
onic conductivity [25] can also lead to an increase in 𝑅0+1.

One example of how the targeting point 𝑅0+1 can be related with
he battery SOH is shown in Fig. 4. A battery cell (the same type as the
ther cells used in this work) has been cycled with +2C/-2C constant
urrent between 3 V and 4 V under 20 ◦C. Reference performance
ests (RPTs) have been performed regularly which are indicated as the
ots along the aging curve. In each RPT, the EIS of the battery cell
s measured with a sinusoidal sweep from 50 Hz to 0.05 Hz. At the
eginning of life (BOL), the battery has 100% capacity and the target
oint has a real part of the impedance of 1.3 mOhm. As the capacity
ades to 90%, the target point 𝑅0+1 increases to 1.5 mOhm.

To sum up, the value 𝑅0+1 in Fig. 2 is a useful input for battery
OH diagnostic and therefore, the target in this work is to be able to
easure this value in a complete battery pack in a vehicle with only

n-board hardware.

.3. Identification signals in the frequency domain

The identification target in Fig. 2 corresponds to the system re-
ponse at 1.6 Hz. However, this specific frequency varies with tem-
erature and SOC level. The reason is that the frequency value is
elated to the time constant of the RC links in Fig. 1 and thus affected
y the charge transfer resistance. Based on the results in Fig. 3, the
requency values when 𝑍𝑐𝑒𝑙𝑙,𝑟𝑒𝑎𝑙 = 𝑅0+1 at different temperatures and
OC levels are summarized in Fig. 5. The temperature shown in Fig. 5
s the cell surface temperature measured with a type K thermocouple.
he frequency step here is determined by the potentiostat software
etting when performing the EIS, which is 10 measurement points
er decade. To measure 𝑅 at the target point, a non-parametric
0+1
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Fig. 4. The identification target 𝑅0+1 increases with the battery aging and it is a useful
nformation for the SOH diagnostic. The impedance is measured with a regular battery
ester by applying a series of manually created sin-waves.

ystem identification method is used in this work, which does not
equire a model of the system. In this method, the identification sig-
al shall contain AC components whose frequency cover the required
ange. There are a few options for the identification signals for this
urpose.
Sinusoidal and multisine signals: The classical identification signal

or EIS measurement is a series of sine waves with different frequen-
ies sweeping through the frequency range of interest, typically from
igh frequency to low frequency. The impedance at each individual
requency can be calculate as

(𝑓 ) =
𝑈 (𝑓 )
𝐼(𝑓 )

(5)

here 𝑓 is the frequency. Another options is to combine a number of
inusoidals into a multisine signal to speed up the measurement, which
as been implemented in commercial potentiostats. In a multisine
easurement, the input and output signals can be decomposed into
armonic components using Fourier analysis

= 𝐹0 +
∞
∑

𝑛=1

√

2𝐹𝑛 sin(𝑛𝜔𝑡 + 𝜙𝑛) (6)

here 𝐹 is the current or voltage waveform, and 𝜔 = 2𝜋𝑓 is the angular
requency. Then the impedance at each frequency is calculated with (5).
oth sinusoidal and multisine signals require dedicated equipment to
enerate and measure the signals, which is not available in the vehicles
4

Fig. 5. EIS measured in the lab environment to demonstrate the temperature and SOC
dependency. Observe that the potentiostat provided results in discrete steps.

on the market. Therefore they are not suitable for the purpose of this
work.

Pseudo-random binary sequences (PRBS): PRBS is a band-limited
hite noise which is often used in system identification [26]. It can
e designed with different bits and clock frequencies to cover a desired
requency range. In a previous study [27] it has been shown that PRBS
an be used the measure the battery EIS with an excellent agreement
ith classical EIS measurement. One example of an 8 bit PRBS genera-

or is shown in Fig. 6(a) and the AC component of this PRBS with 40 Hz
lock frequency 𝑓𝑐 is shown in Fig. 6(b). The usable frequency range

is defined by the 3 dB bandwidth, ranging from 𝑓𝑚𝑖𝑛 = 𝑓𝑐∕(28 − 1) =
.16 Hz to 𝑓𝑚𝑎𝑥 = 𝑓𝑐∕3 = 13 Hz. With this designed PRBS, it covers the
arget frequency range 0.3 Hz–6 Hz in Fig. 5. A PRBS signal is easier
o create than sine waves since it only contains binaries. However, it
s still difficult to generate a binary sequence current with clear steps
o the battery pack in a vehicle, due to the limitation of acceleration
nd braking. Moreover, the sampling frequency has to be at least a few
imes higher than the clock frequency 40 Hz to achieve a decent result.
uch a sampling frequency is possibly achievable within the internal
ontrol unit of the battery management system but cannot be reached
n the network outside.
During driving : As long as a signal contains certain harmonics in the

requency domain, this signal can be used for system identification,
hich applies to a real driving cycle as well. In this work, short seg-
ents are selected in driving cycles to extract the battery EIS, especially

o identify 𝑅0+1 in Fig. 2. The lengths of the segments are limited so that
he SOC and temperature do not vary too much, as described earlier.
ourier analysis (6) is used for data processing. During the driving
ycle measurement, only on-board equipment is used and the signals
re obtained from the CAN (Controller Area Network) bus. The date
rom the CAN bus are resampled with an average sampling frequency
efore performing Fourier analysis.

. Test objects and environment

The experiment in this work consists two parts: on-line measure-
ents in a test vehicle and EIS verification in a laboratory. The vehicle

s driven on a test track at various temperatures and SOC levels.
ne of the current patterns recorded in the vehicle during driving is

eproduced on a single cell in a controlled lab environment to verify
he results.
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Fig. 6. (a) An 8 bit PRBS generator example. (b) AC components of the 8 bit PRBS.
Fig. 7. (a) A satellite view of the test track. (b) The view from the vehicle during the experiment.
3.1. Test vehicle and track

A plug-in hybrid electric vehicle is used as test vehicle, which can
drive about 40 km purely electrically. The battery pack in the vehicle
is configured to be 96s1p (96 cells in series and 1 in parallel) and it
consists of 6 modules with 16 pouch cells in each module. Each cell has
a capacity of 26 Ah and the detailed information is described in [28].
The battery pack is equipped with a water cooling system to regulate
the battery temperature. The functionality of the battery management
system (BMS) in the test vehicle is the same as what exists in this type
5

of vehicle on the market, without modification. The used vehicle, was
fairly new and not heavily used, so the battery can also be considered
as fairly new. This was also confirmed when comparing the results with
new cells of the same type as used in the vehicle.

During the on-line measurement, the CAN bus data is acquired
through the OBD (On-board diagnostics) connector, which is manda-
tory to be installed in vehicles in most countries. The messages on
the CAN bus are event triggered instead of with a fixed schedule and
therefore the time interval between each message is not constant. The
average sampling frequency of the signals is 40 Hz, and this sampling
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Fig. 8. (a) PEC ACT0550 tester, the current range of a single channel is 50 A. (b) Five channels from the tester are paralleled to extend the current range to 250 A.
frequency limits the maximum frequency where the battery information
can be extracted. All the signals (voltage, current and temperature) are
measured with the on-board sensors in the battery packs. However,
the voltage and current signals are scheduled in separate messages on
the CAN bus therefore the signals of the voltage and current are not
exactly synchronized. No additional equipment has been used for the
experiment other than what is already available in the vehicle and can
thus easily be used by vehicle manufacturers.

The tests are conducted on a test track as shown in Figs. 7(a) and
7(b), by both professional test drivers and the authors. Various driving
styles are explored by using the brake and accelerator pedal to create
AC harmonics on the battery DC bus. The experiment are performed
both in winter and summer to create different ambient temperatures.
However due to the mild winter conditions, a cooling room is used to
cool the complete vehicle to a low temperature (−10 ◦C).

3.2. Laboratory experimental set-up

Since it is not applicable to measure the EIS of the battery pack with
another method to compare with the results in this work, an experiment
is conducted on a single cell in a controlled laboratory environment
to verify the proposed methodology. One of the recorded current
profile from the driving is recreated by a battery tester PEC ACT0550
(±0.005% FSD (Full Scale Deviation) for the voltage measurement and
±0.03% FSD for the current measurement), as shown in Fig. 8(a). Each
channel in the ACT0550 can supply a maximum current level of 50 A
whereas the peak current during driving can exceed 200 A on a single
cell. Therefore 5 channels from the tester are paralleled to a bus bar to
extend the current range to 250 A, as shown in Fig. 8(b). The cables
at the high current side are capable to handle 500 A and only half of
capacity of the parallel kits is used.

The battery cell used is a 26 Ah Li-ion pouch cell, which is the same
type of battery as the ones in the test vehicle. The material of the pos-
itive electrode is a mixture of LiNi0.3Mn0.3Co0.3O2 and LiMn2O4, and
the negative electrode is graphite. Further details about the investigated
cell can be found in [28]. The cell is located in between two aluminum
plates with a fixed distance to emulate the environment in the battery
pack, as shown in Fig. 9. To secure a proper impedance result, a 4-wire
connection is used and the voltage sensing points are located directly on
the battery tab to exclude the resistance in the rest of the system. The
battery surface temperature is monitored with a type K thermocouple
temperature sensor.

To validate the result obtained from the test track driving, the
current from a drive case is reproduced in a laboratory environment
6

Fig. 9. Battery cell tested in laboratory environment with 4-wire connection.

without scaling, and applied to a single cell as shown in Fig. 9. A
standard EIS with 1 A RMS current is conducted by a state-of-art po-
tentiostat, GAMRY Reference 3000 (accuracy < 1% for the impedance
measurement), on the same cell at the same condition as the reference
to verify the results from the drive case. Besides the signal waveform,
the main difference between the test track on-line measurement and
laboratory EIS is the current magnitude. As explained previously in
Section 2, the charge transfer resistance is lower under a high current,
therefore an EIS with 10 A RMS current is measured to check how
the current magnitude affects the EIS measurement results. To reach a
higher current amplitude, the PEC ACT0550 is used to implement the
PRBS method described in Fig. 6 with both 10 A and 100 A magnitude,
and the drive case, where the RMS current is around 100 A. In total 5
identification signals are applied: 1 A and 10 A (RMS value) EIS by
GAMRY Reference 3000 with booster, 10 A PRBS, 100 A PRBS and
recorded current from test track driving by the PEC ACT0550 with the
parallel kit.

4. Results and analysis

4.1. Results from various drivings

The test vehicle was driven for more than 50 times, from fully
charged to discharged, at different temperatures. Short segments are
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Fig. 10. The raw measurement data from CAN bus in drive case A at 22% SOC and
23 ◦C, with cooling system activated.

cut from the log files for data processing, with the criteria of maximum
5% SOC change and 3 ◦C temperature change, so that the battery pack
impedance does not change significantly within one segment. In total
47 segments were processed, and from 25 segments, clear impedance
trajectories can be extracted. When the test conditions are similar, the
impedance extracted from different test cases show a good consistency,
therefore only three representative cases are selected, shown in Fig. 10
(case A: 22% SOC, 23 ◦C), Fig. 11 (case B: 78% SOC, 2.5 ◦C) and Fig. 12
(case C: 21% SOC, −10 ◦C).

The vehicle used in the experiment is a hybrid plug-in vehicle
nd depending on the operation condition, the electric motor or the
ombustion engine or sometime both will be activated to operate the
ehicle. The current is negative for discharge (driving) and positive for
harge (regenerative braking or charged by the combustion engine).
he temperature in the battery pack increases due to losses, as shown

n Figs. 11 and 12. When the temperature reaches a certain limit, the
attery management system (BMS) will activate the cooling system to
ool down the battery, which is the case in Fig. 10.

During driving, the acceleration and brake pedals are used to create
armonic components on the battery DC side. The average sampling
requency is 40 Hz with asynchronous current and voltage samples
ince they are in separate CAN messages.

In the data processing part, a moving window with half of the signal
ength is used in the FFT (Fast Fourier transform). The impedance value
s selected only when the frequency is above 0.01 Hz and the voltage
mplitude is higher than a threshold at the corresponding frequency.
he threshold value is tuned to reduce the impact of noises while
btaining a sufficient amount of data. The maximum identification
requency is around 5 Hz, depending on the test case. At this point, the
esults contain many frequencies and are therefore hard to visualize. To
btain a clear impedance trajectory, the results are partitioned evenly
nto 25 bins with the MATLAB command ℎ𝑖𝑠𝑡𝑐𝑜𝑢𝑛𝑡𝑠. The partition into
ins is based on the natural logarithm of the frequency, therefore
ividing a frequency range of 0.01 Hz to 5 Hz into 25 bins roughly cor-
esponds to 10 bins per decade. This frequency resolution is similar as
hat is normally used in the potentiostat setups in a laboratory environ-
7

ent. With this frequency resolution, the 𝑅0+1 value can differ around
Fig. 11. The raw measurement data from CAN bus in drive case B at 78% SOC and
2.5 ◦C.

Fig. 12. The raw measurement data from CAN bus in drive case C at 21% SOC and
−10 ◦C.

4 mOhm (3%), calculated with the 𝑅0+1 neighboring value in Fig. 2. A
finer frequency step can be used in theory, but the introduced noise can
reduce the visibility of the impedance appearance. After the partition,
the mean value in each bin is then calculated with 𝑎𝑐𝑐𝑢𝑚𝑎𝑟𝑟𝑎𝑦. With
the procedure described above, the final results present an impedance
trajectory which resembles the lab EIS measurement. The signature
value 𝑅 can then be identified when the imaginary part reaches
0+1
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Fig. 13. EIS plot of the battery pack computed directly using the onboard data in
drive case A, B and C. The identification target 𝑅0+1 can be captured as 𝑍𝑟𝑒𝑎𝑙 when
|𝑍𝑖𝑚𝑎𝑔 | = min(|𝑍𝑖𝑚𝑎𝑔 |).

Fig. 14. Bode plot of the battery pack impedance extract from drive case A, B and C.

its minimum absolute value, regardless which frequency it is located.
The advantage of this process is that it is a non-parametric approach,
meaning that it does not dependent on the system states and characters,
i.e., temperature, SOC, and SOH. As long as the signature point is
located within the frequency range between 0.01 Hz and 5 Hz, the 𝑅0+1
value can be found in the EIS Nyquist plot. With a known SOC and
temperature, the SOH can therefore be tracked with the 𝑅0+1 value.

The extracted battery pack impedance is shown in Figs. 13 and
4. Although it is not obvious in the bode plot in Fig. 14, the ending
oint of the semi-circle is distinguished in the EIS plot in Fig. 13.
he identification target 𝑅0+1 in Fig. 2 can be captured as 𝑍𝑟𝑒𝑎𝑙 when
𝑍𝑖𝑚𝑎𝑔| = min(|𝑍𝑖𝑚𝑎𝑔|), despite different qualities from different drive
ases. The result obtained from test track driving are summarized
8

Table 1
Identified 𝑅0+1 with driving cycles in different conditions.
Drive case 𝑅0+1

Drive case A: 22% SOC, 23 ◦C 0.12 Ohm
Drive case B: 78% SOC, 2.5 ◦C 0.32 Ohm
Drive case C: 21% SOC, −10 ◦C 0.70 Ohm

Fig. 15. EIS plots of a battery pack obtained from three separate drive cases with
similar temperatures and SOC levels.

in Table 1. It shows that the value 𝑅0+1 is strongly affected by the
temperature. In a cold climate −10 ◦C, 𝑅0+1 is almost 6 times higher
than the value at 22 ◦C.

The repeatability of the proposed methodology is demonstrated
in Fig. 15, with two additional cases A1 and A2 where the battery
pack has similar temperature and SOC as in Case A. The battery pack
impedance is the lowest in these cases and thus the most challenging
to identify. These three cases are independent from each other, while
still providing consistent results. The 𝑅0+1 obtained from three drive
cycles are 0.123 Ohm, 0.125 Ohm and 0.123 mOhm. The spreading is
within 2 mOhm, 1.6%. In the example of a mild aging test in Fig. 4,
the cell impedance increase is around 15% per 10% SOH change. For
the same type of cell used in this work, the impedance increase can be
up to 45% when the cell reaches its end of life [28], which should be
able to be tracked with the proposed method.

To study the impact of the asynchronous and uneven sampling,
an investigation is performed as shown in Fig. 16. A synthetic input
signal is superposed with sinusoidal waves at 6 frequencies: 0.1 Hz,
0.2 Hz, 0.5 Hz, 1 Hz, 2 Hz, and 5 Hz, covering the frequency range
of interest. The ideal output signal is from a 3 Ohm resistor. The
ideal input and output signals are re-sampled with the actual time
vectors obtained from the vehicle CAN bus, which are asynchronous
and uneven. It can be noted that the average sampling speed is 40 Hz
for the current signal and 50 Hz for the voltage signal. The simulated
input and output signals are then re-sampled with 40 Hz and used to
perform FFT calculation. Since there are only 6 frequencies injected,
only 6 points can be identified, which are selected and marked as
the red dots. However, the routine identifies all possible frequencies,
forming the black lines in the right figures which are noises. Compared
with the true system, a slight error in the identified system is notable
at 5 Hz, which is 0.2 Ohm, 6.7% higher than the true value. The phase
is not strongly affected by the sampling for all studied frequencies.
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Fig. 16. Investigation about the impact of the asynchronous and uneven sampling of CAN signals.
Fig. 17. EIS plot of a single battery cell measured with different methods, with a good
agreement (22% SOC, room temperature).

4.2. Lab verification

To validate the result obtained from the test track driving, the
current in case A (Fig. 10) is reproduced in a lab environment with-
out scaling and the it is compared with other identification methods
described in 2.3. The results are presented in Figs. 17 and 18. It shows
that the test track driving provides in principle the same result as a
classic EIS-sweep.

The values of 𝑅0+1 obtained by the different methods and the
difference are listed in Table 2. The values obtained by the signals
with a higher current amplitude is slightly lower, which is expected
and can be explained by (1). This difference is also affected by tem-
perature. Although all 5 measurements are all performed under the
same ambient temperature, a higher current creates higher losses and
9

Fig. 18. Bode plot of a single battery cell measured with different methods (22% SOC,
room temperature).

thus lead to a slightly higher temperature. Since the battery cell setup
has a rather large thermal constant and the measurement time is short,
the temperature during the driving cycle measurement is only 0.5 ◦C
higher than the temperature during the EIS measurement. However, the
battery impedance is very sensitive to temperature, as shown in Fig. 2
and the slight temperature difference can still affect the final result.

The signature value 𝑅0+1 of a single cell obtained with drive case
A is 1.048 mOhm. A battery pack consisting of 96 such cells in se-
ries is expected to have a 𝑅0+1 value of 0.148 Ohm, counting 10%
contribution from the bus bars. This value is slightly higher than the
value of the battery pack in the test vehicle, 0.12 Ohm. This deviation
can be explained with the differences in cell conditions as well as the



Applied Energy 314 (2022) 118932Z. Geng and T. Thiringer
Table 2
Identified 𝑅0+1. Besides the measurement noise and equipment accuracy,
the differences are also due to the temperature and current magnitude.
Method 𝑅0+1 Difference

GAMRY 1 A EIS 1.512 mOhm Reference
GAMRY 10 A EIS 1.503 mOhm −0.6%
10 A PRBS 1.480 mOhm −2.1%
100 A PRBS 1.363 mOhm −9.8%
Test track driving 𝐼𝑅𝑀𝑆 = 21 A 1.408 mOhm −6.9%

measurement systems. For the single cell used in the laboratory, the
cell surface temperature is around room temperature 25 ◦C. For the
battery pack in the test vehicle, the temperature signal is reported from
the BMS as the average temperature of the pack. With a series cooling
circuit, the temperatures of the cells inside the pack can vary with
a few degrees, which can affect the total pack impedance. Moreover,
the cell in the lab and cells in the pack have different states of health
which can affect the results as well. Besides different cell conditions,
the differences in the measurement systems can lead to a deviation
as well. The accuracy of the lab equipment is ±0.005% FSD (Full
Scale Deviation) for the voltage measurement and ±0.03% FSD for the
current measurement. The accuracy of the on-board sensors is unknown
but a lower performance than the lab equipment can be expected.
Another reason is that the current and voltage signals are sampled
synchronously in the lab whereas the current and voltage signals are in
separate CAN messaged in the vehicle and this can introduce a phase
shift in the signal. Nevertheless, without any extra equipment, the on-
board system can still provide a sufficient result to identify 𝑅0+1 which
is a valuable information for SOH diagnostics.

With the proposed approach, the key impedance value of a EV
battery pack can be extracted with only on-board sensors and CAN-
bus data during driving at different temperatures and states of charge.
Besides its good robustness, the repeatability of the method is ver-
ified with three separate cases under similar conditions shown in
Fig. 15, with a maximum spreading of 1.6%. This is considered to be
of high consistency compared with what was reported in literature,
for example [16], where the deviation of the obtained impedance
value is around 5%. One selected drive case is also repeated and
verified in a laboratory environment with high accuracy equipment.
The key impedance value of a single cell obtained with a drive cycle
is 0.1 mOhm (6.9%) lower than what is measured with a potentiostat,
despite the different order of magnitude of the input current.

The proposed method is a non-parametric identification method,
meaning that it does not dependent on the system states and characters.
The signature value 𝑅0+1 can be captured with typical CAN signals, as
long as it is located within a frequency range between 5 Hz and 0.01 Hz,
which is the case when looking into literature describing battery ageing
behavior for automotive applications, for instance in [19]. This makes
that, down to the 80% aging limit, which is typically proposed as the
lower limit for batteries used in vehicles, the method should be possible
to implement and provide information for aging diagnostics.

5. Conclusion

In this paper, an on-line technique for determining the key
impedance value for aging diagnostics, including the ohmic resistance
and charge transfer resistance, has been presented. Measurements
have been performed with a plug-in hybrid electric vehicle with only
on-board hardware in various conditions. In addition, experiments
on a battery cell, of the same brand as in the vehicle battery, has
also been conducted in a controlled laboratory environment to check
the validity of the presented method. The results show that the key
impedance value can be clearly captured during on-road driving with
standard vehicle CAN bus data. In a laboratory environment, the
recorded current signals from the vehicle is reproduced and the ex-
tracted impedance value agrees very well with the values obtained from
10
other measurement techniques, with only 6.9% difference. The minor
difference between the result of the test track driving and the result
from classic electrochemical impedance spectroscopy measurement is
due to different current magnitude, slightly different temperature,
sensor accuracy and possibly sampling synchronization.

When it comes to future work, the dependencies of 𝑅0+1 on different
factors such as dc current, SOC, SOH and on how the measurement
accuracy depends on current and voltage noise, could be further inves-
tigated. Another suggested step is to track this key impedance value
throughout the lifetime of a battery pack in an electrified vehicle to
further enhance the SOH diagnostic function.
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