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Abstract—Electrochemical Impedance Spectroscopy (EIS) is one
of the most powerful tools for the study of batteries. The applied
AC current, range of frequency sweep, points per decade
represented, length of the pause time after a change in the state
of charge (SOC) and length of the pause time after a change in
the ambient temperature must have suitable values to obtain
useful results from EIS tests. A method to determine and
optimize these parameters is presented in this paper. It is based
on the limits imposed by the battery, the tests carried out, the
instruments employed and the use of Kramers-Kronig relations.
The method has been checked using two kinds of lithium
batteries: a lithium iron phosphate (LFP) battery and a lithium
cobalt oxide (LCO) battery.

Keywords— Lithium batteries, Electrochemical Impedance
Spectroscopy (EIS)

1. Introduction

N recent years, Li batteries have been widely used [1] in

different applications due to their high energy and power
density, low self-discharge, low maintenance, variety of
technologies available, long life, environmentally friendliness
and low toxicity [2], [3].

Li-ion battery technology is accordingly considered for a
wide range of applications such as renewables, automotive
industry and mobile electronic devices [4], [5].

Electrochemical Impedance Spectroscopy (EIS) is one of
the most useful techniques for characterizing and modeling
batteries [6] as it can provide detailed information on the
systems under non-destructive examination [7].

EIS allows the development of dynamic battery cell models
whose elements can be allied to the physico-chemical
processes that arise inside the battery [8],[9],[10]. EIS tests
also allow the study of electrochemical mechanisms, reaction
kinetics [11],[12],[13],[14], detection of localized corrosion
[15], battery life performance [16], state of charge (SOC) [17],
cathode [18],[19],[21],[22], [23] and anode [24], [25], [26],
[27], [20], [28] materials in lithium batteries, the kinetics of
lithium-ion intercalation [7], [29], factors responsible for the
loss of capacity [11], lithium diffusion coefficients [8], factors
responsible for overall impedance during Li-cycling [27] and
parameters related to the transport of intercalation materials
[30].

EIS tests can be carried out in potentiostatic or galvanostatic

mode. In potentiostatic mode, a small sinusoidal AC voltage is
applied over a given range of frequency sweep to a battery and
the resulting battery current is measured. In galvanostatic
mode, a small sinusoidal AC current is applied over a given
range of frequency sweep to a battery and the resulting battery
voltage is measured [31], [32]. Potentiostatic mode is poorly
suited for batteries due to their low impedance: a small error in
the applied AC voltage, e.g. 1 mV [33], could produce an
unexpected high current that could modify the battery SOC.
However, as a galvanostat can easily control the applied
current to an accuracy of a few milliamps, the battery voltage
and SOC are usually unaffected when the galvanostat is
connected to the battery [34]. Consequently, galvanostatic
mode is recommended for batteries [34].

There are on line EIS techniques for batteries for on board
use of a Battery Management System (BMS) operating on line
in an electrical vehicle (EV). These techniques allow the on-
board impedance to be obtained using techniques with suitable
excitation, simultaneously including a number of frequencies,
such as pseudo random binary sequences (PRBS). These types
of techniques are more likely to generate noise and the
impedance thus obtained has a greater error in high
frequencies than when using classical EIS techniques. Other
qualities of these techniques are that they are cheap and fast
and that is possible to track the changes in impedance during
the use of the EV to obtain on-board state of health (SOH)
information [35]. However, the present study focuses on a
laboratory EIS because we wish to obtain the impedance
function of cells in a wave frequency range in the most robust
and accurate way possible.

Nyquist plots, which plot the imaginary part of the
impedance versus the real part, are one of the most useful
plots to represent and analyze the results of EIS tests [36],
[37]. Optimum Nyquist plots should be repeatable, not have
noise and show five different sections, each one related to a
particular process. From the highest to the lowest frequencies,
see Fig. 1, Section 1 shows inductive behavior. Section 2
shows the ohmic resistance of the battery, which is determined
by the intersection of the plot with the real axis. Section 3 is
associated with the solid electrolyte interphase (SEI) on the
graphite electrode. Section 4 represents the double layer
capacitance (DL), the charge transfer (CT) resistance at the
electrodes, and the surface film (SF) resistance on the cathode.
Sometimes the lowest frequency region of Section 4 contains
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Fig. 1. Optimum Nyquist plot showing the five characteristic brocesses in a Li-ion battery.

an arc, associated with the bulk impedance of the electrodes.
This impedance is due to the resistance to the flow of
electricity through the interior of the active particles, the
resistance to the flow of ions through the pores of the
composites, and non-homogeneous coating of the collectors
[38]. Section 5 represents the diffusion process [39], [40],
[41], [42], [43]. It should be noted, however, that experimental
spectra do not always show all the sections as represented in
Fig. 1. The time constants of the processes in Sections 3 and 4
are similar, so these processes are not always observable or
separable [38], [44].

The use of the Nyquist plot representing the impedance of a
lithium battery, have a lot of research interest and focuses on
obtaining information about batteries under study [10], [37],
[40], [45]

To obtain a valid and useful Nyquist plot from an EIS test
for subsequent analysis is not straightforward. As stated
previously, valid Nyquist plots should be repeatable, show
characteristic processes taking place in the battery and not
have noise. The limits within which the EIS test is performed
needs to be determined to ensure compliance with these
requirements. These limits are defined by a set of parameters
of the EIS test: applied DC-offset, applied AC current, range
of frequency sweep, number of points measured by decade,
length of the pause time after a change in temperature and
length of the pause time after a change in battery SOC.

Obtaining these parameters is not straightforward and, to
the best of our knowledge, the scientific literature contains
only some general recommendations [46] regarding how to
determine the value of these parameters.

Many studies present EIS experiments but do not explain
how they obtain suitable values for these parameters in order
to obtain a valid Nyquist plot [10], [37], [40], [45], [46]. One
study explains that it is necessary to perform preliminary tests
to determine the suitable parameters to carry out the EIS

experiment properly, although the method to obtain these
parameters is not explained [47] .

To fill this gap, a systematic method to carry out
preliminary tests to obtain suitable values for these parameters
(applied DC-offset, applied AC current, range of frequency
sweep, number of points measured by decade, length of the
pause time after a change in temperature and length of the
pause time after a change) is presented in this paper.

Impedances obtained from the EIS test depends on
temperature, the state of charge (SOC) of the battery or the
number of charge/discharge cycles the battery has undergone
[38]. The value of these parameters could thus be affected by
these factors though the proposed method to determine the
parameters is not affected.

A 2.6 Ah Li-on battery (with lithium iron phosphate and
graphite as active materials) and a 1.35 Ah Li-ion battery
(with lithium cobalt oxide and graphite as active materials)
were used in this research study. In this method, the limits
imposed by the battery, the instruments employed and the type
of test are taken into account and Kramers-Kronig (K-K)
relations are used to select the best possible values [48].

The paper is organized as follows: Section 2 provides a
brief description of K-K relations, Section 3 reports the
materials and equipment used in the experiments, Section 4
describes the determination procedure, Section 5 shows the
experimental results obtained with a lithium iron phosphate
(LFP) battery and a lithium cobalt oxide (LCO) battery, while
Section 6 presents the conclusions.

2. Theoretical Aspects

The measurement and interpretation of an EIS spectrum, as
shown in Fig. 1, is only valid for linear and stationary
systems. Both conditions are often ensured by repetitions of
the tests. If the spectra obtained from repeated tests with



slightly different currents or voltages are identical (except for
random errors), the system is considered linear. If the spectra
obtained from repeated tests with the same parameters are
identical (except for random errors), the system is considered
stationary.

K-K relations constitute another way to confirm these two
conditions, which are necessary to validate an EIS test. K-K
relations are bidirectional mathematical relations linking the
real and imaginary parts of any complex function that is
analytic in the upper half-plane. These relations are often used
to calculate the real from the imaginary part of response
functions in physical systems, because, for stable systems,
causality implies the condition of analyticity, while
conversely, analyticity implies causality in the corresponding
stable physical system [49].

The use of K-K relations to verify impedance data. was
derived from the work of Kramers and Kronig [50], [51], [52]
by Bode, who particularized the method to the connection
between the amplitude and the phase for electrical
impedances[53]. Mc Donald, Orazem and other authors
subsequently applied it to EIS [48], [54], [53] . That is, K-K
relations can be used to determine whether the impedance
spectrum of a given system has been influenced by bias errors
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the values of goodness of fit in this study correspond to the
minimum value obtained for this sum of squares. The mean
systematic error is the square root of the sum of squares.

To avoid the use of CNLS-fitting and hence the set of
starting values, in 1995 Boukamp [57] proposed a means for
performing the fit via linear equations, eliminating possible
non convergence issues. This method also uses the equivalent
circuit proposed by Agarwal [56]. This is the approach used in
the method proposed here [34].
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Figure 2. Equivalent circuit model for lineal Kramers-Kronig transform
test of date in the impedance representation.

In this method, the M measured experimental data (Zre,
Zim)i:am are fitted to the theoretical impedance of the
equivalent circuit in Fig. 2 with the same number, M, of Voigt
elements:
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caused by non-linearity or time-dependent phenomena [55].
However, K-K relations require integration over the frequency
range from zero to infinity, so extrapolation to zero and
infinite frequency must be performed.

To avoid extrapolation, the use of a generalized model
consisting of a resistor in series, Rs, with M Voigt elements,
i.e., -Rs-(RC)m-1m is proposed by Agarwal [56]. A Voigt
element is a resistor and a capacitor connected in parallel,
where the parameter M is generally equal to the number of
complex plane data points in the spectrum. This model is by
definition K-K compliant. Thus, if a good fit of this model to
the measured data can be obtained, the data must also be K-K
compliant. However, this method requires complex nonlinear
least-squares (CNLS) fitting and a set of starting values. The
CNLS method minimizes the sum of the following squared
measurement/model deviations:
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Using a weighting per module of the experimental impedances

where the time constants 7, = R«Cx = [w]* and the

frequencies are logarithmically located along the frequency
axis.

Hence, a) a valid impedance fit of the Rs-(RC)m=1,m model to
the measured experimental data is made without the need to
make extrapolations to zero or infinite frequency regions, as a
comprehensive version of the original K-K transformations
would require; and b) the fitting method becomes linear and
the problem of suitable initial values required in the original
Agarwal method is avoided [58].

The systematic error detected by K-K relations includes the
nonlinearity error of the system arising from possible high
currents and the non-stationarity error associated with the
temporal evolution of the system (an electrochemical cell)
during measurement. The systematic error due to an
inappropriate impedance model is automatically excluded
according to Agarwal [40]. Systematic errors derived from a
very high frequency inductive tail may pass the K-K test and
remain masked in a low goodness-of-fit value. However, this
kind of error is usually associated with instrumentation wiring,
so it is easily identifiable and can be subsequently ruled out.

Boukamp's method, however, requires near-perfect data;
i.e., not only systematic errors must be low but so must
random errors. As random errors may pass the K-K test and
remain masked, the distribution graphs of the following
residuals versus the log frequency were calculated and
analyzed:
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where Zei and Zim; are the real and imaginary parts of the ith
data set (at frequency ;) and Ze(wi) and Zin(w;) are the real
and imaginary parts of the modeling function for wi. 1Z(wi)! is
the vector length (absolute value) of the modeling function,
see Equations (3) and (4). These residuals include not only the
systematic error but also the random error. The structure of the
random error (noise) has also been checked by means of these
residuals.

——Residual Zreal ——Residual Zimag

1.5E-02
1.0E-02
5.0E-03
0.0E+00

-5.0E-03

Residuals Z

-1.0E-02

-1.5E-02
1.0E-01 1.0E400 1.0E+01 1.0E402 1.0E+03 1.0E+04 1.0E4+05 1.0E+06

Freq (Hz)

Figure 3: Large and systematic residual errors

Figs. 3 and 4 show the graphs of residuals of different EIS
spectra for the same battery. The graphs shown in Fig. 3
correspond to an EIS test with large systematic errors that has
not passed the K-K test. K-K relations detect this systematic
error and no additional study of residuals will be necessary,
while residuals confirm the large systematic error.

Fig. 4 shows the graphs of residuals of a useful set of
measured data: systematic and random errors are small. These
data have passed the K-K test and, as expected, the graphs of
residuals confirm that systematic error is small. To be useful,
however, the data must present a small random error, as
shown in Fig. 4.
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Figure 4: Small systematic and random residual errors corresponding to a
useful EIS test.

Besides the application of the K-K test to check the quality
of the spectra, it should be borne in mind that spectra must be
repeatable. An example of the repeatability of this method is
shown in Fig. 5 in which the spectra were recorded five days
apart, but are identical.

3. Materials and equipment

The experiments were performed on two lithium batteries, a
LFP battery and a LCO battery. A summary of the
characteristics of the tested batteries is given in Table I. The
batteries were placed in an environmental chamber to maintain
constant ambient temperature throughout the tests.

A Gamry Reference 3000 Potentiostat/Galvanostat was used
in this study. This device allows currents of up to 3 A, a
minimum frequency of 10 uHz and a maximum frequency of
1 MHz. The maximum number of measured points per decade
is 32,000. This is not a serious limitation, as most impedance
spectra contain less than 100 points.
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Figure 5:. Nyquist plots performed with five days apart.

The Gamry Reference 3000 calculates K-K relations and
shows them in a tab that displays a grid containing the
"Goodness of Fit" and a plot of the relative residual errors in
the real and imaginary parts of the experimental data. A small
“goodness-of-fit” value indicates that the results contain
linear, causal and stable data [57]. The plots of relative
residual errors enable checking whether the random errors are
low.

4. Determination Procedure

The procedure started with the commissioning of the
batteries, in which they were identified and weighed.

Then, in the case of fresh batteries, they were conditioned
according to USABC recommendations [59], [60]. If the
batteries were not fresh, the conditioning consisted of four
charge and discharge cycles at C/2[61]. After commissioning
and conditioning, preliminary tests were carried out to
determine the suitable parameters for EIS tests. Following this
step, the EIS tests were conducted. The flow diagram of the
experimental procedures is shown in Fig. 6.
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The purpose of the preliminary tests was to determine the
suitable values of the following parameters: DC offset, AC
current amplitude, range of frequency sweep, number of
measured points per decade, length of the pause time after
change in temperature and length of the pause time after a
change in SOC. Once a parameter had been optimized, this
value was used in the EIS experiments to determine the next
parameter.

4.1. DC offset

EIS tests can be classified into three different types: a) tests
with zero DC current and low AC current amplitude; b) tests
with zero DC current and high AC current amplitude and c)
tests with non-zero DC current and low AC current amplitude.

In our case the first type of test was performed to study the
batteries of interest. In the test DC current is not applied to the
battery because a change in the SOC during the test is not
desired. Thus, the selected DC current, and hence, the selected
DC offset, is zero.

4.2 AC current amplitude

This parameter determines the amplitude of the AC signal
applied to the cell. Its value must fall within a suitable range
that depends on the galvanostat, the battery and the maximum
frequency the range of the frequency sweep.

The upper limit depends on the galvanostat and the battery.
The lower limit depends on the galvanostat, the maximum
frequency of the range of the frequency sweep and the absence
of noise in the spectrum.

Each galvanostat has its own upper limit for current. When
the DC offset is zero, the maximum peak current allowed by
the Gamry Reference 3000 is 3 A, although the AC current
should be entered in the instrument in rms amps [33].

The internal impedance of the battery limits the maximum
current. To keep the battery in a linear region of its current to
voltage curve, the voltage amplitude should not exceed 35
mV, with 7 mV being suitable for low impedance batteries
[62]. Thus, the upper limit for the current imposed by the
battery is a function of its internal impedance.

As the galvanostat and the battery set their own upper
limits, the lower of these two upper limits is selected.

As regards the lower limit, the limit imposed by the Gamry
Reference 3000 galvanostat is 1 nA.

The maximum frequency obtained in the test also imposes a
lower current limit in order to keep the battery in a linear
region of its current to voltage curve. When the DC current is

zero, the minimum current should be greater than 5 pA times
the ratio of the maximum frequency of the test divided by 100
kHz [63]. Thus, the lower limit imposed by the galvanostat is
discarded.

However, to obtain a noise-free battery voltage, the current
must have a minimum value, which is usually higher than the
lower limits imposed by the galvanostat and the maximum
frequency obtained in the test. Thus, the lower limit will be
imposed by the absence of noise and it will not be necessary to
know the maximum frequency to determine the lower limit of
the current.

In the proposed method, the AC current value will be the
one that falls within the lower and upper limits, whose EIS
spectrum shows (if possible) all the characteristic behavior of
a battery, see Fig. 1, and has the smallest Goodness of Fit of
K-K.

TABLE |
MAIN CHARACTERISTICS OF THE TESTED BATTERIES
Cell 1 Cell 2
Technology LCO LFP
Nominal Capacity 1.35 Ah 2.6Ah
Maximum Continuous 135A(1C) 70 A (27C)
Discharge
Maximum Continuous 135A (1C) 10A(4C)
Charge
Cell Weight 26.84¢ 74344
Cell Geometry Prismatic Cylindrical
DC Internal Resistance _ 10 mQ
(10 A/ls)
Country Korea USA
Nominal Voltage 37V 33V
Discharge Cut-off Voltage 275V 2V
Max. Charging Voltage 42V 36V
Cycle Life >300 cycles 1000 cycles
Operating Temperature -10to 50 °C -30 to 55°C
Internal Impedance (1 kHz) 124 mQ 6 mQ
Applications Mobile ElectricVehicles
Phones

4.3 Range of frequency sweep

In Fig.1, the EIS spectrum shows the response due to the
processes that take place inside the battery, such as electrode
processes, electron and ion transport, the inductive process,
the diffusion process, etc. These processes have different time
constants and are therefore activated at different AC
frequencies. When conducted over a wide range of
frequencies, impedance spectroscopy can be used to identify
and quantify the impedance associated with these processes
[64].

Thus, the range of the frequency sweep must be such that
all the battery processes are shown in the EIS spectrum [43].
The inductive behavior at high frequency can originate from
the measuring equipment and this behavior can be considered
as a systematic error which is not detected by the K-K



relations [65]. However, there are correction methods to
subtract this error. The method proposed in this paper employs
the inductive section to establish the upper limit of the
frequency sweep.

Furthermore, the experiment should be carried out in a short
time because, although the experiments are tested under AC
current, if the battery is under charge or discharge for a long
time, this could modify its SOC.

The reason for using a specific range of frequency sweep in
an EIS test is not explained in previous studies [66], [67], [68].
Depending on the battery, a different range of frequency
sweep is required to show the different sections in Fig. 1.

In the proposed method, the chosen range of frequency
sweep will be the one whose EIS spectrum shows all the
characteristic processes and does not have noise. Moreover,
the time to carry out the experiment should be as short as
possible so as not to change the battery SOC. If necessary, K-
K relations can be used to confirm the selected frequency
sweep.

4.4 Measured points per decade.

The number of points per decade defines the data density in
an impedance spectrum. The data are spaced logarithmically
and the number of points is the same in all decades. A plot
with a high number of points per decade may require an
unnecessarily long time to perform the test, while information
may be lost if the plot has a low number of points per decade.
Ten points per decade have been used in several studies [69],
[47], [70], but none of these papers justifies why ten is the
most suitable number.

In the method proposed here, the number of points per
decade must meet the following requirements: a) the plot
should clearly show all the sections described in Fig. 1; b)
there should be no loss of information; and c) the time to
obtain the plot should not be excessive. Among all the
numbers that meet these conditions, the one with the best
goodness-of-fit value of K-K will be chosen.

4.5 Length of the pause time after a change in the SOC

If an EIS test is carried out after a change in the battery
SOC, it should be borne in mind that the battery needs time to
reach equilibrium after this change. Lengths of the pause time
from 15 to 90 minutes after a change in the SOC are
recommended in some studies [47].

In the proposed method, several preliminary tests are
performed with different length of pause time to determine the
time required for the battery to stabilize after a SOC change.
When the Nyquist plots of two consecutive preliminary tests
are equal, the required time to reach equilibrium after the SOC
change is obtained. Then, K-K relations are used to confirm
the selected pause time.

4.6 Length of the pause time after a change in the ambient
temperature

If an EIS test is carried out after a change in the ambient

temperature, the battery will need time to reach equilibrium
after this change.

In the proposed method, several preliminary tests are
performed with different lengths of the pause time to
determine the time required for the battery to reach
equilibrium after a change in the ambient temperature. When
the Nyquist plots of two consecutive preliminary tests are
equal, the required time to stabilize after the change in the
ambient temperature is obtained. Then, K-K relations are used
to confirm the selected pause time.

5. Experimental Results

Preliminary test were carried out at 23°C and 50% SOC,
except when determining the length of the pause time after a
change in temperature and a change in the SOC.

5.1. AC current amplitude

All tests to determine the AC current were performed using
a frequency sweep ranging from 10! Hz to 10° Hz.

The upper limit imposed by the Gamry Reference 3000 is
1.8 A rms. For the battery voltage not to exceed 25 mV rms,
which corresponds to an amplitude of 35 mV, the maximum
current in the case of Cell 1 is 0.2 A rms, as its internal
impedance is 130 mQ. Given that the upper limit imposed by
the galvanostat is higher than the upper limit imposed by the
cell, the limit imposed by the cell is chosen. The internal
impedance of Cell 2 is 6 mQ; hence the allowed maximum
current is 4.16 A rms. In this case, as the selected upper limit
of the galvanostat (1.8 A rms) is lower, this value is chosen.

The lower limit imposed by the maximum frequency
obtained in the test will be 5 pA if the maximum frequency is
10% Hz and 5 107 pA if the maximum frequency is 10* Hz.
Both currents are higher than 1 nA, the lower limit imposed by
the galvanostat [71].

However, after several tests to obtain a noise-free Nyquist

plot, the necessary minimum current is 3.9 10 A rms for Cell
1 and 410 A rms for Cell 2. Both values are higher than 5
pA, the lower limit imposed by a maximum frequency of 10°
Hz
For Cell 1, it can be seen in Fig. 7a that the Nyquist plot
corresponding to 3.9 10 A rms, which falls outside the range,
has noise. The Nyquist plot corresponding to 1.8 A rms, which
also falls outside the range, is noise-free, but does not show all
the processes that take place in the battery. In this case, this
value must be discarded, as stated in Section IV. Thus, the AC
current for Cell 1 ranges from 3.9 10° A rms to 0.2 A rms,
while for Cell 2, it ranges from 4 102 A rms to 1.8 A rms.
The diffusion process is not shown. However, even currents
within the 3.9 10° A rms to 0.2 A rms range may not be
suitable. For instance, the Nyquist plot corresponding to 8.9
10% A rms, also shown in Fig. 7a, is not a suitable value even
though it is noise-free, because it does not show the diffusion
process.

Fig. 7b shows some Nyquist plots corresponding to currents
within the 3.9 103 A rms to 0.2 A rms range that may be
suitable. Not all the possible currents tested are represented
because they overlap. Apparently there is no difference
between them; all are noise-free and show all the battery



processes. K-K relations are applied to choose the optimal
current. The best current value is the one with a Nyquist plot
that has the smallest goodness of fit of K-K; see Table Il. The
best current value is thus 3.9 102 A rms.

The left side of Table Il shows the goodness of fit of K-K
for current values falling within and outside the 3.9 10 A rms
to 0.2 A rms range. It can be seen that not only do the current
values outside the 3.9 10 A rms to 0.2 A rms range have a
poorer goodness of fit of K-K than the selected current value,
but they also have a poorer goodness of fit of K-K than all the
other currents within the range.

The best current value for Cell 2 is chosen via the same
procedure as for Cell 1. Fig. 8 shows three Nyquist plots of
Cell 2. Unlike Cell 1, not all the processes are clearly shown
in this case due to the characteristics of Cell 2: the time
constants of some processes are similar and the activating

TABLE II
GOODNESS OF FIT OF K-K FOR THE TESTED AC CURRENTS
Cell 1 Cell 2
AC (A) K-K AC(A) K-K
3.910% 2.10 10°% 4100 2.708 10 -
3.910°08 45100 4102 2.590 10
8.9 1003 1.04 107 110 5.769 107
3.91002 8.0510 1510 6.799 107
8.9 102 2.7810 77 510% 3.863 107
3.91002 7.60 107 8.310 7.126 107
8.910 9.76 10% 1109 9.257 10
1.8 3.6710% 1.5 10% 1.347 107
1.8 1.903 10°%

frequencies of those processes are very close. One of the
plots corresponds to 4 10 A rms, a value falling outside the
selected 4 102 A rms to 1.8 10%° A rms range. As expected, it
is not noise-free. The other two plots correspond to current
values falling within the 4 102 A rms to 1.8 10%° A rms range.

The right side of Table Il shows the goodness of fit of K-K
of all the tested currents for Cell 2. The optimal current is 1 A
rms because it is noise-free, the corresponding plot shows the
processes as clearly as possible and it has the smallest
goodness of fit of K-K. For Cell 2, as for Cell 1, current values
falling outside the range also have a poorer goodness of fit of
K-K than currents falling within the range.

5.2 Range of frequency sweep

Due to problems of convergence, galvanostats usually
recommend performing the frequency sweep from the highest
to the lowest frequency. The Gamry Reference 3000 has
apparently overcome this problem: when two sweeps with the
limit frequencies are performed, one from the highest to the
lowest frequency and the other from the lowest to the highest
frequency, the resulting Nyquist plots overlap. However, when
the sweep is carried out from the highest to the lowest
frequency, the goodness of fit of K-K is better. Thus, the
sweeps are always performed from the highest to the lowest
frequency [34].

Fig. 9 shows the Nyquist plots corresponding to different
frequency sweeps for Cell 1, while the left side of Table I1I.
shows their goodness of fit. Although the frequency sweep
from 10° Hz to 10 Hz shows all the possible information of a
Nyquist plot, it is discarded because the frequency sweep
reaches very low frequencies. During the sweep, the EIS could
remain in the half cycle discharge mode for a long time and
unexpected reactions could take place. Furthermore, the SOC
could change when the charge reaches the half cycle. The
sweeps that finish at 10"t Hz are discarded because they do not
show the diffusion process of the battery. The sweeps that start
at 10* Hz are discarded because the inductive behavior is
barely shown. The frequency sweep from 10° Hz to 102 Hz is
the most suitable frequency sweep: it does not take a long time
to perform the test and all the processes are shown.
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Figure 7: a) Unsuitable AC currents (in Amps rms) tested in Cell 1, b) The
best and two others suitable AC currents.

Fig. 10 shows the Nyquist plots corresponding to different
frequency sweeps for Cell 2, while the right side of Table III.
shows their goodness of fit. All the tested frequency sweeps
for Cell 2 show the same battery processes. The sweeps
starting at 10* Hz allow the inductive behavior to be seen, so it
is not necessary to start the sweep at 10° Hz. The frequency



sweeps that finish at 10° Hz show a long section of the
diffusion process. The frequency sweeps starting at 102 Hz
and 10! Hz also allow the diffusion process to be seen, so a
sweep finishing at 10 Hz is sufficient. Moreover, the
frequency sweep from 10* Hz to 10 Hz is the best because its
corresponding Nyquist plot has the best goodness of fit of K-
K.

5.3 Measured points per decade

Figs. 11 and 12 show the Nyquist plots corresponding to
different numbers of measured points per decade tested for
Cell 1 and Cell 2, respectively. As 5 points per decade are few
points and the information provided by the plots is not
sufficient, this value is discarded. With 10 and 15 points per
decade, the plots are clearly defined and there is no loss of
information.
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Figure 8. Some of AC currents (in Amps rms) tested in Cell 2.

Table 1V shows the goodness of fit of K- K for the plots
corresponding to different numbers of points per decade. As
the plots corresponding to 10 points per decade have the best
goodness of fit of K- K, this value is chosen.

5.4 Length of the pause time after a change in the SOC

The SOC was changed from 50% to 40% for Cells 1 and 2
in these preliminary tests.

Fig. 13 shows the plots corresponding to some of the tested
lengths of the pause time after the change in the SOC in Cell
1, while the left side of Table V. shows their goodness of fit
parameters. When this time is greater than 180 minutes, all the
plots overlap, hence this is the time required for the battery to
stabilize. As the goodness-of-fit parameters for pause times
ranging from 180 minutes to the longest one are of the same
order of magnitude, 180 minutes is chosen as it is the shortest
pause time.

Fig. 14 shows the plots corresponding to some of the tested

lengths of the pause time after a change in the SOC in Cell 2.
In this case, the differences are only measurable in the
diffusion section. All the Nyquist plots overlap after a change
in SOC when the pause time is equal to or greater than 120
minutes.

The right side of Table V shows the goodness of fit of K-K
for the tested lengths of the pause time. The K-K parameters
are of the same order of magnitude for a pause time ranging
from 150 minutes to 48 hours and of a higher order for a pause
time of 120 minutes. Thus, 120 minutes is discarded and 150
minutes is selected as the pause time

TABLE 11l GOODNESS OF FIT OF K-K FOR THE TESTED

FREQUENCY SWEEPS
Cell 1 Cell 2
Frequency Frequency
sweep (Hz) K-K sweep (Hz) K-K
1004-103 1.40 1077 10 %4-10%  1.413 10 %
10%- 100 1.3510 % 10%-10°%t  9.25710
1005-1002 1.5310 10 %-10%  2.85910 %
100- 10 8.0510 8 10 %-10%2  3.277 10 %
10%-10°% 216210  10%-10° 2,762 10 %
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Figure 9: Frequency sweeps (in Hz) tested in Cell 1.
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Figure 10: Frequency sweeps (in Hz) tested in Cell 2.



TABLE IV GOODNESS OF FIT OF THE TESTED P/D

Cell 1 Cell 2
p/d K-K p/d K-K
5 2.762 10°% 5 2.660 107
10 9.257 107 10 9.25710
15 1.413 10 15 1.810 10

5.5 Length of the pause time after a change in the ambient
temperature

In these preliminary tests, a change from 12°C to 0°C was
carried out for Cell 1 and a change from 23°C to 10°C for Cell
2. Figs.15 and 16 show the Nyquist plots corresponding to
different tested lengths of the pause time after the change in
the ambient temperature for Cells 1 and 2, respectively. There
are no differences in the Nyquist plot between the plots
obtained 0 minutes after the temperature change and those
obtained after several hours.
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Figure 11: Points per decade tested in Cell 1

TABLE V GOODNESS OF FIT OF K-K FOR LENGTHS OF THE
PAUSE TIME AFTER A CHANGE IN SOC

Cell 1 Cell 2
Time (min) K-K Time (min) K-K

0 1.309 10°% 0 1.720 1008
30 1.379 107 30 1.13310°%
60 2.259 1077 60 1.193 100
90 2.101 1077 90 1.040 108
120 2.082 1077 120 1.029 108
150 1.349 10°%7 150 9.839 107
180 2.077 1077 180 9.029 107
210 2.381 10 210 8.546 107
1080 1.917 10 240 8.078 107
>2880 8.168 1077
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Figure 12. Points per decade tested in Cell 2

TABLE VI GOODNESS OF FIT OF K-K FOR LENGTHS OF THE
PAUSE TIME AFTER A CHANGE IN TEMPERATURE

Cell1 Cell 2
Time (min) K-K Time (min) K-K
0 763.6 10°%° 0 969 10°%°
60 64.61 10°%° 30 828.2 10
90 97.14 10% 60 897.210%
120 113.4 10°%° 90 941.9 10%
180 64.61 10°%° 120 780.3 10

150 909.8 10
180 819.5 10
210 967.7 10
240 863.2 10
>2880 815.1 10
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Figure 13. Some of the lengths of the pause time (in minutes) after a change
in the SOC in Cell 1.
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Figure 14. Some of the tested lengths of pause time (in minutes) after a
change in the SOC in Cell 2

The values of the goodness of fit of K-K in both cells are of
the same order of magnitude for all pause times (from 0
minutes to 48 hours); see Table VI.

Taking into account its constructive features [72], it was
estimated that Cell 2 would reach thermal equilibrium in
approximately 70 minutes after a sudden change in the
ambient temperature from 23°C to 10°C [73]. However, the
time required for batteries to reach equilibrium could be
higher, depending on the size of batteries [47].

In our case, however, the change in the ambient
temperature from 23°C to 10°C is not instant; it takes several
hours. Thus, equilibrium in the cell is reached when the
chamber reaches 10°C. Hence, no pause time is needed to
carry out EIS tests after a change in the ambient temperature
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Figure 15. The tested lengths of pause time (in minutes) after a change in
temperature from 12°C to 0°C in Cell 1.
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temperature from 23°C to 10°C in Cell 2.

6. Conclusions

A method to determine and optimize the necessary
parameters to perform useful EIS tests has been presented in
this paper. To the best of our knowledge, a similar method has
not been previously reported in the scientific literature. Some
general recommendations can be found, though no systematic
method like the one presented here.

First, the method combines several criteria to select a set of
possible suitable values for each parameter. Each parameter
has its own criteria. Some of these criteria are qualitative (e.g.
the Nyquist plot should show all the battery processes) while
others are quantitative (e.g. the Nyquist plot should be noise-
free). The method then employs a quantitative criterion, K-K
relations, to select the best value from the set of possible
values for the parameter. This second step is common to all
the parameters. When the value of a parameter is determined,
this value is used to obtain the next parameter.

The proposed method allows saving time and ensures that
the information obtained from the EIS tests will be useful. The
method has been tested on two Li-ion batteries with different
characteristics in terms of chemistry, capacity, voltages,
geometry and applications. Experimental results show how to
apply the determination procedure and confirm the validity of
the method. The method could be extended to any other
battery technology.
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