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Highlights

e Two modules of 66 cells were aged with two cycling protocols corresponding to the EV cycling of
electric school bus demonstrator.

Free charge/discharge signals were used to determine the quasi-EIS (QEIS) spectra during ageing.
These QEIS spectra were fitted with an equivalent circuit model.

The fitted parameters were used to develop a diagnostic tool to estimate the SoH of a battery.

This tool shows good accuracy in the estimation of SoH (2 % uncertainty ) for both types of ageing
studied.

Abstract

The development of improved State-of-Health (SoH) diagnostic methods is a current research topic for
battery-powered applications. For instance, the current rapid development of Electric Vehicles (EV) creates a
strong demand for an accurate and reliable on-board SoH indicator during operation. Such an indicator is a key
parameter required to optimize battery energy management and to track the degradation of the system
performance. The electrochemical impedance spectrum (EIS) of an electrochemical system is a powerful lab-
based diagnostic technique, usually measured using a frequency response analyzer. In this paper, we present an
innovative diagnostic technique based on analysis of free voltage and current signals to give a so called “quasi-
electrochemical impedance spectrum” (QEIS) and demonstrate its application on a Li-ion battery during a real
EV duty cycle. It is worth noting that in our technique no additional signal is applied to the cell, since the current
flowing into cells during use on-board is directly processed in the data treatment step.

Commercial batteries (1.4 Ah cylindrical LiFePO,/graphite cell) were selected in this study to validate
the diagnostic method in the framework of an applied case study related to an electric school bus demonstrator.
In order to study the capability of QEIS measurements as a diagnostic tool for SoH of Li-ion cells, a test
procedure including ageing phases has been defined to characterise Li-ion cells before and during ageing.
Voltage and current signals were treated by Fast Fourier Transform (FFT) in order to determine the QEIS spectra
of Li-ion cells under study. Then, SoH prediction algorithms have been obtained from a mathematical analysis of

the impedance parameters sensitive to SoH.
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1. Introduction

The development of improved State-of-Health (SoH) diagnostic methods is a current research topic for battery-
powered applications [1-3]. Due to the rapid development and deployment of Electric Vehicles (EV) there is a
strong demand for an accurate and reliable technique for monitoring SoH during operation. Such a technique
requires a measurable indicator that can be processed in an embedded system to give a quantitative measure of
SoH. This is a key parameter required to optimize battery energy management and to track the degradation of the
system performance. In this study, we investigate a novel “quasi electrochemical impedance spectroscopy”
(QEIS) technique and apply it to determine SoH of a battery aged with a current profile which mimics the
electrical needs of an electric school bus.

Electrochemical impedance spectroscopy (EIS) is a well-known and powerful tool used to analyze [4-6] and
model [7-9] electrochemical systems such as batteries. It is a non-invasive technique relying on a small
perturbation signal being applied over a wide frequency range, and allows the investigation of internal
phenomena with different time constants in a single measurement.

The general principle of the EIS method is to apply to a cell a sinusoidal signal and measure the characteristic
response from the cell [6]. The applied signal can either be current or voltage. The response u(f) (ori(f))

(complex numbers) are recorded. The impedance Z(f) is then calculated by using the following equation:

u(f) o))

Finally, Z is a complex vector which can be displayed in a Nyquist plot in order to visualize the influence of the
parameters. This frequency-domain analysis requires that the system under investigation is linear or at least can
be linearized with respect to signal amplitudes in its working point and is stationary or at least quasi-stationary
for the time of measurement. Fitting experimental EIS with an electrical equivalent circuit is a well-known
analysis method [10-17]. This fit is generally done with a Levenberg-Marquardt or a simplex method
minimizing least-squares between the model and experimental data. The best-fit parameters obtained by this
method can then be used to determine an appropriate SoH indicator by mathematical combination to obtain a
linear correlation with SoH.

Another method [13] directly uses an electrical equivalent circuit model that depends only on State-of-Charge
(SoC) and SoH. Using this method, SoC and SoH can be directly determined by fitting the measured
electrochemical impedance spectrum. Several unconventional methods have been developed to measure an EIS
spectrum without requiring the often time-consuming application of a single sinusoidal signal at successive
frequencies. For example, a so-called “multisine” method comprising several frequencies superposed on a single
composite signal can be used to determine an entire spectrum in the time required for the lowest frequency point,
giving an almost instantaneous EIS response [18]. This technique requires mathematical tools such as Fourier
transform and a sophisticated signal generator for the input signal. A faster technique called dynamic EIS (DEIS)
measures the impedance response of lithium-ion batteries during charge/discharge at finite DC currents [19][20-
22]. In this technique, the impedance measurement during charge/discharge, the lithium-ion batteries are

subjected to a current consisting of a constant direct current and a small alternating current (AC) perturbation.
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Furthermore, methods employing a single current step have been studied [23], and another technique using white
noise has been tested by Gabrielli et al. [24]. These methods require an input signal which need a battery to be in
a rest period, and apply a perturbation on laboratory conditions. Another method, developed by Alavi et al [25]
consisted of estimating simple equivalent circuit model parameters directly from time-domain data. However,
application of the method to estimate the EIS model parameters using more complex models is challenging.

In order to avoid the additional burden of an input signal, we have proposed to make use of the free signals of
current and voltage from acceleration and regenerative braking that occur during a vehicle road trip [26]. These
solicitations of the battery can be very complex and indeed can be considered as an almost random profile.
Hence, the current and voltage battery signals could be used to determine a “quasi-EIS” (QEIS) battery spectrum
using the method described in previous work [26]. It is worth noting that batteries are usually operated at
currents so large that the nonlinearity of transport and reaction processes cannot be neglected. Secondly, batteries
change their structure while being discharged or charged, and they are typically operated until at least one
species of reactants depletes non-stationarity. For this reason this technique is not considered like EIS. It is

expected that this method could be used as an onboard diagnostic tool.

This paper first introduces the vehicle application considered in this work, followed by a specific battery ageing
protocol that has been developed to simulate ageing for two vehicle architectures. The QEIS data processing
including the electrical modeling with an equivalent circuit is described afterwards and applied to the ageing data
generated in our laboratories. Finally a correlation between the capacity losses and QEIS model parameters is

established to discuss the practical performance of this novel method as an in-service SoH indicator.

2. Experimental

2.1 Case study

The target application is an electric school bus whose mission is to pick up children in the morning on the way to
school, return to the bus station in order to charge the traction battery, and then repeat its mission in the opposite
direction in the afternoon. Hence the battery charges and discharges twice a day. The first task in defining the
bus demonstrator architecture was to size the Li-ion battery, considering two different cases:
- An 85 kWh battery (so called “one pack”) which is sized to discharge until a state of charge of 14 % is
reached,;
- A 170 kWh battery (so called “two packs”) which is oversized for the application in order to
compensate the capacity loss during ageing.
For these two cases, in-service current profiles were created using an electric vehicle simulator [27] in order to
simulate the morning and afternoon school bus tours. These current profiles were then used to define the ageing

protocol.

2.2 Materials

Commercial Li-ion batteries (1.4 Ah cylindrical LiFePO,/graphite Valence Technology cells) were selected at

the beginning of the project to reversibly store electrical energy in the electric school bus. The nominal cell
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voltage is 3.3 V and voltage limits are 2.5 V and 3.6 V. Two modules of 66 cells in parallel were available for

the study.

2.3 Ageing method

Ageing campaigns were launched at module level to collect battery voltage and current data with time, at various
SoH. The ageing protocol is intended to provoke both capacity fading and an increase in internal resistance in the
batteries. Thus, regular measurements of battery capacity and internal resistance, so called check-up, are
mandatory alongside ageing campaigns. The check-up procedure involves significant perturbations on the
battery, so in order to limit the impact of the check-up phases on the battery aging, 3 cells were removed from
each module to perform a full check-up at cell level and get a statistical determination of SoH from three
samples. Then, the ageing protocol continued on the remaining cells of the battery pack with the current profile
adapted for the remaining number of cells.

Two electrical test benches were used at IFPEN facilities: a Digatron power test bench 200 A/50 V (+/-10 kW)
associated with a large climatic chamber was used to age battery modules submitted to dynamic current cycles
under controlled ambient temperature. Module voltage and temperature were measured by the test bench and
recorded on a computer. The periodic check-up experiments were carried out on individual cells using a Bio-
logic VMP3 multi-channel potentiostatic-galvanostatic system equipped with an impedance module (BioLogic
Science Instruments, France).

Figure 1 presents the current profiles simulating the morning tour for the “one pack” and “two packs” cases.
Each module under test was placed into the climatic chamber set to 45 °C and connected to the battery test bench
system. The figure 2 represents the cycling procedure of the two modules. On this figure, The full charge is done
at C/3 and C/6 current rate for respectively the “one pack” and “two packs” cases until the voltage reaches 3.6 V.
Then, the battery is charged at current voltage until the complete time of charging of 2h35. In this figure, the
cycle profile 1 is the morning cycle, and the cycle profile 2 the afternoon profile The cycling procedure was
looped for a total of 7 months for each module. Every month, both modules were submitted to a check-up, and 3
cells were removed from both modules and individually submitted to a check-up.
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Figure 1: ageing current profiles for 1 pack (a), 2 packs case study (b) (generated by IFPEN simulation platform
[27])
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Figure 2 : ageing procedure of modules

5  The module check-up procedure consisted of full charge/discharge cycling at C/3 rate and 25 °C in order to
determine the residual module capacity. The modules were then totally discharged to allow the safe removal of 3
cells. Once the 3 cells were removed, the module was heated back to 45 °C and submitted to ageing cycling

again but with an adapted current.

10  The full check-up performed on the removed cells consisted of four charge/discharge cycles at C rate to
determine the capacity of each cell, followed by HPPC(Hybrid Pulse Power Characterization) profiles in 15
points: from SoC = 100 % with a long rest period, cell undergoes a first EIS measurement following the
procedure detailed in figure 3. This procedure was looped for 15 times. All capacity and resistance
measurements were performed at 25 °C.

15

Discharge pulse, 3 A, 18 5
EIS measurement (10 mV

amplitude, 10 kHz = 5 mHz)

40 s rest period

1 h rest period
Charge pulse

2.27 A, 10s

10 s rest period Discharge, 1.4 A, 6.66 % SoC

Figure 3 : check-up procedures of individual cells
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2.4 QEIS determination

The principle of EIS is to measure the complex electrochemical impedance of a cell as a function of frequency.
The conventional method consists of the excitation of the electrochemical cell with a sinusoidal current (or
voltage) and the measurement of the voltage (or current) response. By applying a small amplitude input signal a
linear relationship can be assumed for the response. This procedure is repeated for each frequency studied. Thus,
the complex impedance Z is calculated with the formula (1) :

D
I(f)

Z(f) = |Z|.e'¢= ez @

Where f is the frequency, U is the voltage amplitude, I, the current amplitude, and ¢, the phase shift between
both U and I.

The power spectral density (PSD) is a mathematical function generally used to represent the different spectral
components of a signal. It is equal to the square of the modulus of the Fourier transform of X(t), denoted X(f)

reported in half the acquisition time (2):
2
() =X (1) ®

Where T is the integration time.

The PSD represents the distribution of frequencies present in the signal, hence a perfect white noise signal would
constitute a constant PSD at all frequencies. There are also cross-power spectral densities which are composed of
a combination of two Fourier transforms X(f) and Y (f) (3):

2 x
Py (1) =2 X(H)Y (F) @

An example of PSD curves measured during road cycling of a battery is presented in figure 4. As shown in this
figure, the PSD of this road-cycling protocol consists of two parts: a low-frequency plateau ( f < 0.01 Hz),
followed by a decrease at increasing frequencies.

The impedance Z is classically calculated using the formula (4), rearranged for its calculation from PSD(?):

2 N
vt ONE e
I(f) g|(f)|*(f) \P|(f)
T

However, this formula does not practically provide a good accuracy of the impedance, because of the noise of

Z(f) (5)

the measurement. It is therefore necessary to divide the signal into N blocks, then to take the average before

calculating the impedance (5).

132 « 13
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Z(f)=

(6)
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This division of blocks causes a reduction of the number of studied frequencies, because of the decrease in the
amount of information processed at any time. Thus, for a sample of n values, measured at constant time step, At,
the frequency f is a vector comprising the numbers from 1 to n, divided by the duration of the test. Thus, a
reduction in sample size also results in a reduction of the number of frequencies by decreasing the number of low
frequencies.

In addition, according to the Nyquist-Shannon theorem, higher frequencies must be removed to ensure accurate
rendering of the signal by limiting aliasing effects (which reduces even more the number of frequencies of
study).Then, the number of studied frequencies is reduced by at least a factor of 2.

There is an important source of uncertainty to consider arising from the signal. This analysis method ideally
requires a white noise input signal, but the real-world power cycle in this application is clearly not an ideal white
noise, and thus the power spectral density is not constant with frequency (as can be seen in Figure 4). The
implication of this is that the impedance spectrum calculated from the ratio U (f) / I (f) contains a significant
random uncertainty. This can be seen in figure 5a which shows the result of a direct calculation of Z from the
80 000 values of W(U)/¥(I) in figure 4. The basic shape of a semicircular EIS spectrum can be imagined in this
figure but there is an unacceptable level of noise in the pattern. Thus, to improve the correlation with a
conventional EIS result, a filter system of the power spectral density has been developed. This filter consists to
select frequencies of which the current is higher, so dissociated from the noise (figure 5b). Hence, the filter

selects the impedance of which the index correspond to a PSD current (PSDI) greater than (PSDI max) / 10.

1015
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Figure 4: PSD of during road cycling phase of the one pack ageing
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Figure 5: Electrical Impedance spectrum of the LFP/C 1.4 Ah cell from an EV profile without DSP filter (a), and
with DSP filter (b)

In order to increase even more the relative accuracy of the electrochemical impedance, it was then proposed to
cut the signal to reduce the number of points and the electrochemical noise. One solution is to treat the same
signal several times, but with a "cutting" becoming smaller . As an example for the voltage signal (x values) on
figure 6 : the first cutting presents 2 sections of x/2 values each(and then processing with the previous
algorithm), the second cutting presents 4 sections of x/4, the third one, 8 sections of x/8, etc, the end of the

cutting represent the one in which the size of the section is under 32 values.
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Figure 6: Representation of the cutting phases of a signal

It is worth noting that this type of treatment does not allow obtaining impedance spectra on the same frequency

range as a standard measurement made from sinusoids (figure 7).
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Figure 7: Impedance spectra of an LFP/C 1.4 Ah cell obtained from the QEIS method with "successive cutting"
from a signal [U, 1] = f (t) road (frequencies of 0.78 to 0.015 Hz), compared with Nyquist spectrum measured on

a similar cell at the same temperature (frequencies from 10 000 to 0.005 Hz).

2.5 Accuracy study

In order to develop a diagnosis tool, it is necessary to quantify the measurement accuracy to assess the
performance of the method. In our study, given the measurement accuracy of both the input current and the
output voltage, the measurement error can be considered as a parasitic noise. Thus, according to Gabrielli et al.
[24] , “the presence of parasitic noise for a low-amplitude signal either increase the measurement time or reduce
the measurement accuracy”. In this paper, the relative estimation errors e(|2|), which will simply be called

errors, are defined by :

s 1,1 1

Where n, and n, are respectively the signal-to-noise ratios (current) at the input and at the output, N is the
number of blocks. The accuracy measurement is €, =10 mV for the voltage and ¢; = 0.5 A for the current. The

signal-to-noise ratios can be defined by :

[1H)| [u@dl
n,(H) === and n () = — (8)

Where U(f) is the voltage amplitude and I(f), the current amplitude.

Figure 9 shows an impedance spectrum of an LFP/C 1.4 Ah cell obtained from the QEIS. The calculated error
bars according to equation (7) are depicted in red. On this plot, one can observe that the error on impedance
measurement is larger at high frequency than at lower frequency, ranging respectively from + 4 mQ to 2 mQ.

Indeed, according to the PSD plot on figure 4, the PSD is higher at low frequency leading to a higher signal-to-
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noise ratio.
In conclusion of this part, on the whole range of QEIS measurement, a maximal error of 4 mQ represents a

maximal relative error of 10%. It permits us however to fit correctly the shape of the impedance with an

equivalent circuit based model.
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Figure 8: Electrical Impedance spectrum of the LFP/C 1.4 Ah cell from an EV profile, blue (*), QEIS, red (-),
error bars calculated with equation 7.

2.6 QEIS data processing (Equivalent circuit based model)

A generic electrical equivalent circuit was used to model Li-ion battery EIS spectra and is shown in figure 9.
This circuit includes one ohmic series resistance RO which represents electrolyte resistance . The charge transfer
resistance is represented by a parallel branch consisting of a capacitance C1 and a resistance R1. Finally,
diffusion is represented by a constant phase element (CPE) in which o and Q1 are additional fit parameters. In
this way the dynamic electrical characteristics of the battery can be modelled using basic electrical components,

like resistors and capacitors, and the fitting parameters can be empirically correlated to the battery SoH.

Uy { Ii CPE(Q, o )
= /4

— K

Figure 9: Electrical equivalent circuit for QEIS spectra fitting
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3. Results

3.1 Ageing campaign

Figure 10 shows the voltage values of modules measured during the ageing cycle in both pack cases under study.
In these plots, lines can be observed every 30 days which correspond to full discharge and charge between
check-ups. The first plot relates to the “two packs” case study, and exhibits almost no voltage evolution between
the first and the last cycling, implying that there is no significant aging. By contrast, the second plot obtained for
the “one pack” case study shows that the minimum discharged voltage of the module decreases to reach the
minimal rated voltage of the cell, namely 2.5 V, after only 55 ageing days. At this point, the full battery would
not be able to fulfil the theoretical bus mission, but for the sake of this study the ageing test was continued. For
this test the cycling procedure was the same, but the battery discharge stopped at a battery voltage of 2.5 V.

figure 11 shows the capacity fade for the modules in the two different sizing scenarios. After an initial increase
in capacity, both modules follow an approximately linear capacity fade with time. Consistent with the previous
figure, the module representing the “one pack” case exhibits the fastest degradation, with 20% of capacity fade

after 210 ageing days, while the “two packs” module undergoes a less severe degradation with 10% of capacity

I
0 200

Figure 10: Module voltage evolution with time during ageing tests for different current profiles corresponding to

fade after 210 ageing days.
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Figure 11: Comparison of the measured module capacity (in Ah/cell) during cycling for 2 packs and 1 pack cases

3.2 QEIS compared to EIS during ageing

In order to discuss the impact of SoH on electrochemical impedance spectra, EIS and QEIS spectra have been
graphically compared in figure 12 and figure 13 using the Nyquist representation on the same frequency range.
The EIS measurements were taken from the individual cells removed for full check-up every 30 days in figure
12, while the QEIS spectra of the modules from three stages of the aging test are shown in figure 13. One can
observe that the spectrum moves to the right side as the battery ages, which is indicative of an increase in the
ohmic resistance RO as reported in the literature for classical Li-ion aging characteristics [28]. According to this
previous work, during ageing a surface film irreversibly grows on the graphite electrode (known as the Solid
Electrolyte Interphase). This film is electrically insulating, which accounts for the increase in ochmic resistance.
A comparison between two study cases shows a faster increase of the ohmic resistance with the first
configuration than for the two pack case. This reflects a more severe ageing for the one pack case.

Similarly, the QEIS measurements given in figure 13 show that the spectrum moves to the right side as the

battery ages, which indicates that a qualitative correlation can be directly observed between the two techniques.
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Figure 12: Conventional EIS spectra of the LFP/C 1.4 Ah cell obtained during check-up at 25 °C with 2 packs

and 1 pack cases
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Figure 13: QEIS spectra of the LFP/C 1.4 Ah cell obtained during cycling at 45 °C with 2 packs and 1 pack



10

15

20

cases

3.3 QEIS spectrum modelling

Since there is clearly some inherent uncertainty remaining in the QEIS results, fitting the electrical equivalent
circuit model could lead to erroneous results if all the parameters were left free to vary in the fitting algorithm.
For this reason, some parameters were set constant as a function of SoH (table 1), based on the fitting results
obtained from all the QEIS measurements. R1 and Q1 parameters have been allowed to vary with SoH, this low
frequency impedance is related to a combined effect of the diffusion of lithium ions on the electrode—electrolyte
interfaces, which corresponds to the straight sloping line observed in the Nyquist plot towards low frequencies
[29].
Table 1 : Constant values used on the model to fit interest parameters

Parameter Ro [MmQ] C1[F] a

Value 22.2 11.4 0.5

Figure 14 illustrates an example of a QEIS spectrum fitted with the equivalent circuit model. One can observe a
qualitative satisfying adjustment of the QEIS spectrum with the electrical equivalent circuit as previously
defined. Fitted parameters obtained on the module at 25 °C before aging have been gathered in table 2. Later in

this paper we will use these fitted parameters in order to determine the module’s SoH.

2
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Figure 14: Example of Nyquist curve fitted with equivalent circuit model

Table 2 : QEIS results obtained on the module @25 °C before ageing

Ro [MQ] R, [mQ] Q1 [F*’]
1 pack 22.2 17.8 297
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2 packs 22.2 21.8 336

3.4 SoH diagnostic

SoH is considered as the ratio between the real capacity and the initial capacity. The next step of this study is to

compare fitted parameters for both ageing campaigns as a function of capacity fade.

The “one pack” case has obviously induced a more severe aging effect on the module than the “two packs” case,
which is expected due to the substantially higher mean current and larger SoC range encountered in the “one
pack” case study, and as already noted in Figure 11. figure 15 shows the increase of the ohmic resistance RO for
the two aged modules as a function of capacity fade, which is thought to be related to SEI growth as already

discussed. figure 16 shows the decrease in the Q1 coefficient of the CPE element as a function of capacity fade,

36
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I — % 1pack

32 L
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28 |
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Figure 15: RO vs. capacity fade (modules).
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Figure 16: Q1 vs. capacity fade (modules).

Fitted parameters RO and Q1 both show a monotonic evolution with capacity fade but opposite trends. However,
5  these fitted parameters cannot satisfactorily be directly used to predict capacity fade: for RO, the two curves

diverge between 0 % and 5 % of capacity fade; and for Q1, the curves are parallel, but not superposed. In order

to have an indicator, the combination, 2—0 , was considered as a function of capacity fade as illustrated in figure
1

17. According to this figure, the superposition is reasonably effective for both current profiles, revealing that a

unique mechanism governs the aging features under consideration, such as capacity fade, in “one pack” and “two

10 packs” cases. When the “one pack and two packs” 2—0 curves are superposed, the proposed indicator could
1

predict module capacity fade with a 2 % uncertainty (calculated as the largest gap between the two curves). It is

worth noting that the effect of temperature has not yet been taken into account in this study, but this could be

considered using an Arrhenius law to extend the predictability of the R0/Q1 correlation with capacity fade as

SoH indicator.
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Figure 17: RO/Q1 vs. SoH.
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4. Conclusions

In this study, a new in operando method for estimating the SoH of a Li-ion battery was assessed on a
commercial module. The method uses the real current and voltage values of the module during an in-use load
cycling scenario as input data to calculate an impedance spectrum, so-called QEIS, which could be fitted to an
electrical equivalent circuit model. SoH prediction algorithms have been obtained from a mathematical analysis

of the model parameters.

This method has been applied to ageing data collected from two modules undergoing different ageing protocols
over 7 months. QEIS spectra calculated using our method were fitted to an electrical equivalent circuit model. It
was found that the ohmic resistance (RO) and capacitance (C1) parameters of the model evolved monotonically
with capacity fade of the battery, for the two different ageing protocols under consideration. By combining the
two parameters an indicator of battery SoH was obtained, measurable using only the free output signals of the
battery (current and voltage). This correlation could further be applied to other Li-ion battery systems, provided
there is a similar ageing mechanism triggered. This method is a promising solution for an embedded system to
monitor battery SoH and also for lifetime prediction. To be used for another Li-ion technology it is however
necessary to process to a measurement campaign in order to evaluate adapted fitted parameters of other battery

chemistries.
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