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A B S T R A C T   

Determination of residual capacity, or ‘state of health’ (SOH), is important for the management of battery assets 
in service and when assessing batteries for re-use at the end of service. Nonlinear frequency response analysis 
(NFRA) has recently been demonstrated as a means to determine SOH, but the effects of temperature and state- 
of-charge (SOC) on battery NFRA measurements are not yet well understood. In this work, we investigate the 
effects of SOC on NFRA measurements performed on commercial 21700 cylindrical cells aged under different 
temperatures to various SOHs. Total harmonic distortion (THD%) is proposed as a capacity fade indicator. THD% 
in the range of 10 Hz–150 Hz are found to correlate well with SOH at all SOCs. For frequency < 1 Hz, the effect of 
aging on THD% is SOC dependent, with larger THDs for the new cell at low open-circuit voltages (OCVs) (2.75 
V–3.2 V), and larger THDs for aged cells at higher OCVs (3.5 V–4.1 V). This work also demonstrates the feasi-
bility of NFRA to distinguish between cells that have been aged differently based on temperature.   

1. Introduction 

The performance of the battery suffers degradation in the form of 
capacity fade over its lifetime due to charge/discharge cycles. One of the 
most commonly used indicators to quantify this degradation is SOH 
(State of Health). The aging phenomenon in the battery can be attrib-
uted to, i) Loss of active material, ii) Loss of lithium inventory (LLI), and 
iii) Reduced electrolyte conductivity [1]. One of the most common 
diagnostic techniques applied to Lithium-Ion batteries is Electro-
chemical Impedance Spectroscopy (EIS). It uses a small AC perturbation 
signal with an amplitude typically ~ C/20, ranging from mHz to kHz 
range to analyze the linear impedance response of the battery [2]. 
Impedance spectra are then typically fitted to an equivalent circuit 
model containing linear, lumped circuit elements (resistors, capacitors, 
inductors, etc.) representing electrical and electrochemical processes or 
characteristics of the cell to quantify their contributions to overall 
impedance. However, since it is based on a measurement made at 
equilibrium (open circuit), EIS can tell us very little about the non-linear 
dynamics of the battery; those aspects of performance which become 
evident only under charge and discharge at significant rates. Under such 
conditions, the I-V characteristic of a Li-ion battery can be highly non- 

linear, due to Butler Volmer electrode kinetics [3], capacitive effects 
of the double layers [4], and diffusion processes. Recently, NFRA (Non- 
Linear frequency response analysis) has been used to identify the non- 
linear I-V characteristics of Li-ion batteries by applying large AC per-
turbations over a range of frequencies. Due to the high input signal, the 
resulting response signal is distorted and contains information about the 
non-linear processes occurring in the system. This distorted output 
response can then be transformed to the frequency domain by applying 
Fast-Fourier Transform (FFT), which will contain higher-order har-
monics Hn where n > 1 [5]. Recently, NFRA has been demonstrated in 
lithium-ion batteries for process identification [6], SOH diagnosis 
[1,7–9] and lithium plating detection [10]. NFRA (also as Total har-
monic distortion) has also been extensively used in other research fields 
e.g. fuel cells [11] and corrosion [12]. 

SOH diagnosis using NFRA in the past by Harting et al. [1] was 
performed on a small pouch cell i.e. 47mAh and at a single 50 % state of 
charge (SOC). The primary focus of this study is to identify the appli-
cability of NFRA for capacity fade identification on commercially 
available high power (4.85Ah) lithium-ion cells. In this work, we have 
used pre-aged lithium-ion cells to identify the capacity fade in the cell at 
various open-circuit voltages (OCV). Our aim with this work is to realize 
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industrial applications of NFRA for SOH determination, in which SOC 
cannot necessarily be controlled, such as when grading used batteries at 
end-of-service, prior to re-use. 

2. Experimental 

Commercially available LG M50 21700 NMC811 cylindrical cells 
with a nominal capacity of 4.85Ah were used for testing. The cells were 
cycled aged up to 200 cycles until at least the reduced capacity of 80 % is 
achieved. To investigate the path-dependence of cell aging on the NFRA 
response, two different aging temperatures were selected i.e. one type 
was aged at 25 ◦C and the other at 0 ◦C at the same C-rate i.e. 1C. Neware 
cycler (BTS4000) was used for aging and cells were cycled inside a 
Binder thermal chamber (MK720) for constant temperature. Test pro-
tocol for cycling includes, Constant current (CC) step at 1C with an 
upper cut-off voltage of 4.2 V, follows by a constant voltage (CV) step 
with a limit of C/20 cut-off current. A 5 min rest was given after charging 
to equilibrate the temperature. Then, a constant current (CC) discharge 
of 1C with a lower cut-off voltage of 2.85 V was given. After every 50 
cycles, capacity tests were conducted using Biologic VMP3. Capacity 
tests were performed at 0.3C CC-CV charge and 0.3C CC discharge with 
upper and lower voltage limits of 4.2 V and 2.5 V respectively at 25 ◦C, 
in accordance with the manufacturer’s datasheet [13]. 

For NFRA measurements, Ivium-n-stat modular Potentiostat was 
used with a configuration of ± 10A / ±5V. The cells were first charged 
with CC step at C/3 to 4.1 V, followed by a CV step with a cut-off current 
of 50 mA. Then, a 10 min rest time was given for equilibration. An NFRA 
measurement step was then applied, with an AC perturbation of 2C with 
zero DC offset within the frequency range of 1 kHz–100 mHz. Then the 
cells were discharged with CC at 0.2C for 5 more different OCVs 
(3.8v,3.5v,3.2v,2.9v, and 2.75v) with NFRA measurements made at AC 
amplitudes of 1C and 2C for each OCV. The maximum AC that can be 
given is 2C, considering the limitations of the equipment. The amplitude 
of the excitation signal should be high enough to excite non-linear 
processes, but also as low as is practical to limit the temperature in-
crease during the measurement. The harmonic responses of aged cells 
were then compared with a pristine cell for multiple OCVs. 

3. Results and discussion 

3.1. Cell ageing 

For aging identification, cells were aged according to the protocol 
outlined in section (2) before making NFRA measurements. The cells 
were aged up to 200 cycles under normal conditions until they reached 
end of life (EOL) limit. In automotive applications, EOL is typically 
defined as when the capacity of the battery reaches between 70 % and 
80 % as compared to its beginning of life capacity [13]. 

Fig. 1 shows the aging test over 200 cycles for 3 cells that were used 
for SOH diagnosis. 

Table 1 shows different aging conditions for cells and their capacity 
check protocols after every 50 cycles. 

There is a clear difference in capacity fade response for cell 01 and 
cell 02. This could be due to cell-to-cell variation and inhomogeneity 
down to manufacturing level. Other reason could be thermal chamber 
temperature variations, temperature inside the chamber is not constant 
and precise, due to which cells may experience slightly different 
behavior. As the cells were aged at higher C-rate (1C), thus inducing 
higher difference in response particularly as there is an increase in cy-
cles. [14]. 

The cycling test was interrupted to take capacity tests at standard C/ 
3 and 25 ◦C at 50 cycle intervals for all three cells. The results of capacity 
tests are shown in Fig. 2. 

Capacity loss in the cells can be quantified as SOH%, which is defined 
as the ratio of remaining capacity Co to its nominal capacity Cn. 

SOH% =
Co

Cn
× 100% (1) 

By calculating the SOH% of all three cells, after 200cycles all the 
batteries were approximately under the limit of EOL. SOH of the cells at 
the time of harmonic tests were 71 %, 79 %, and 81 % respectively for 
cell01, cell02, and cell03. 

3.2. Harmonic and OCV selection 

Understanding the dependence of SOC on harmonics is important for 
the practical application of NFRA for SOH estimation, which must work 
regardless of SOC. The upper (4.1 V) and lower (2.75 V) limits of the 
OCV range were deliberately chosen to avoid the extremities of the cell’s 
voltage window specified on the manufacturer’s datasheet. This was to 
reduce the risk of unintended degradation due to potential excursions 
into over-or under-charge regimes during the application of large 
amplitude AC perturbations; particularly at low frequencies. In contrast 
to previous NFRA studies, we normalize the amplitudes of harmonics 

Fig. 1. Aging test for cells.  

Table 1 
Aging and capacity check Protocol for cells.  

Cell Aging Protocol Capacity snapshot (at 50 cycle intervals) 

Cell 01 1C charge/Discharge,25 ◦C C/3 Discharge, 25 ◦C 
Cell 02 1C charge/Discharge,25 ◦C C/3 Discharge, 25 ◦C 
Cell 03 1C charge/Discharge,0◦C C/3 Discharge, 25 ◦C  

Fig. 2. Cell capacities throughout ageing studies, measured under standard 
conditions (C/3 discharge, 25 ◦C). 
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relative to that of the fundamental response in order to correct for the 
effect of impedance growth with aging according to equation (2): 

Magnitude(Hn)% =
Hn

H1
× 100 (2)  

where n > 1 (higher-order harmonic response), and H1 is the amplitude 
of harmonic voltage response at the fundamental frequency. 

Harmonic responses expressed as percentages in this way can be 
considered more representative of the level of non-linearity in the sys-
tem, independent of absolute impedance. Depending on the funda-
mental frequencies at which they arise, harmonic distortions can be 
ascribed to different electrochemical processes. For instance, harmonics 
arising at low fundamental frequencies are related to non-linear diffu-
sion processes, whereas those observed at higher fundamental fre-
quencies are likely related to non-linear double-layer capacitive effects 
[15]. 

3.2.1. Characterization of the measurement system 
For reliable harmonic analysis, it is necessary to ensure that there are 

no additional noise or non-linear contributions from the instrument. To 
characterize the linearity of the Potentiostat/Galvanostat, NFRA mea-
surements were made on a simple shunt resistor at the same current 
amplitudes and over the same frequency range as used for NFRA mea-
surements on cells. The shunt resistor (5mΩ) was selected to have a 
similar impedance to the cell, such that it would present a similar 
characteristic load to the instrument. Since the resistor is a linear device, 
it should generate a perfectly linear response and one would expect zero 
harmonic distortion from it, so any measured distortions must be arising 
from the instrument itself. As shown in Fig. 3, Total harmonic distortion 
(THD%) for the resistor (linear device) is compared with harmonic 
response from a lithium-ion cell (non-linear device). 

Using a shunt resistor, it can be determined the ‘safe’ frequency 
range to work in for harmonic analysis [16]. From the data in Fig. 3, it 
can be concluded that for this particular instrument, the THD% level is 
high for region above 300 Hz, presumably due to bandwidth limitations 
of its output stage, which precludes use of frequencies above this 
threshold for meaningful NFRA measurements on cells. 

3.3. Harmonic analysis 

Cells were excited with a large (2C) alternating current (AC) with 
zero dc off-set at fundamental frequency f1. Non-linear distortions in the 
output voltage signal VAC, will be interpreted as higher-order harmonics 
(Hn) by Fast Fourier transform (FFT) in the frequency domain [17]. 
Magnitude of higher-order harmonics H2 to Hn are the integer multiple 
of the fundamental frequency f1 of applied AC as shown in eq. (3). 

fn = n.f1 (3) 

The total harmonic distortion is calculated as the square root of the 
sum of the first three higher-order harmonics i.e. H2%,H3% and H4% as 
shown in eq. (4). Amplitudes of the higher-order harmonics (n > 4) were 
typically below the noise floor of the instrument and could not be reli-
ably measured [1]. 

THD% =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑4

n=2
Hn%

√

(4)  

where; Hn% = Hn
H1

× 100 

3.3.1. SOC dependence of NFRA 
For analytical clarity, the whole range of OCVs has been divided into 

two categories; High OCVs (3.5–4.1 V) and Lower OCVs (2.75 – 3.2 V). It 
can be seen from Fig. 4, that the harmonic response of the cell varies 
significantly with OCV. 

The range of measurement frequency was limited to 0.1–300 Hz 
based on the noise level discussed in section 3.2.1. The harmonic 
response (THD%) is first smoothed to get rid of fluctuations in the output 
signal. MATLAB smoothing function (Gaussian) based on moving 
average was used in this work. As we were expected to observe a 
monotonic increase or decrease in THD% as a function of SOH, it is 
preferable to use a filter that gets rid of those fluctuations by taking the 
average under specified window for the trend to be clearly observed. 
Electrochemical reactions within both negative and positive electrodes 
highly depend upon the state of charge (SOC) of the battery and aging. 
Potential of the cell depends on the concentration of lithium ions during 
charge and discharge. At very low frequencies, the cell experiences 
significant SOC excursions due to the amount of charge transferred 
during each AC oscillation. The harmonic response in the lower fre-
quency range i.e. 0.1 Hz-10 Hz is more sensitive to SOC, with large THDs 
ranging from 0.8 to 9 % observed at lower SOCs and smaller THDs (<0.3 
%) at higher SOCs. This range of frequency relates to solid diffusion and 
charge transfer kinetics [1]. THD% is independent of SOC for fre-
quencies higher than 10 Hz. THD% values are higher for lower OCVs 
(3.2v-2.75v), typically in the range of 1 % to 9 %, on the contrary THD% 
values are in low range of 0.1 % to 0.6 % for higher OCVs (4.1v-3.5v). 
The different responses at lower and high OCVs can be attributed to the 
slope of OCV curve and exchange current density. During charge/ 
discharge, OCV slope is high for lower SOCs thus a higher range of po-
tential can be accessed for NFRA signal, and this typically is at very low 
frequencies, which means high AC signal takes more time over that 
slope, thus exciting more non-linear response. That high response leads 
to higher THD values for low OCVs. Also, the effective exchange current 
density at the anode, a key parameter governing anode kinetics is highly 
dependent on the concentration of lithium-ions, which varies signifi-
cantly at lower SOCs, thus giving higher non-linearities at low OCVs 
[18]. 

It is also evident from Fig. 4, that the relationship between THD% 
and cell SOH varies significantly with SOC in the frequency range 
< 10Hz, which was not considered in the previous work [1,19]. At high 
SOCs, THD% response for frequency < 10Hz, is higher for aged cells 
than the new cell, on the other hand, it is complete opposite response for 
lower OCVs i.e. higher THD% response for new cells as compared to 
aged cells. 

Fig. 3. Assessing instrument linearity and noise levels using a shunt resistor.  
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3.3.2. Aging detection using THD% 
Besides different THD% aging response for different OCVs below 10 

Hz, interestingly a consistent trend in the relationship between THD% 
and SOH can be observed across all OCVs in the frequency range of 
10Hz − 150Hz as shown in Fig. 5. 

Within this frequency range, all three aged cells show distinct higher 
THD responses for all OCVs. The dominant aging mechanism in cells that 
are aged at 25 ◦C is likely to be SEI growth [20]. Therefore, it is expected 
to see higher non-linear response for aged cells in this lower to middle 
(10–150 Hz) frequency range characteristic of SEI diffusion processes. 
Thus increased THD% values for all aged cells correspond to high over- 
potentials caused by diffusion limitations posed by thickened SEI layers 
in the electrodes. Given that the absolute amplitude of the applied AC 
signal is the same for both new and aged cells, then there is an increase 
in volumetric current density due to aging processes in cell. Cell over- 
potential has to increase too, because of increased current density, 
which eventually leads to higher THD% values for the aged cells relative 

to the pristine cell [21]. Loss of active material (LAM) during aging 
causes structural transformation of the active material, leading to a 
reduction in the lithiation capacity of electrodes. Consequently, 
increasing amount of non-linearity can be detected by THD% in the 
output signal which can be seen in Fig. 5. Faradic processes involving 
charge transfer, and inter-and intra-particle diffusion are inherently 
more non-linear than Coulombic processes such as double-layer charge/ 
discharge [18,22]. 

As learned from the literature [1,5,19], electrochemical processes 
like ionic movement in-between electrolyte and solid electrolyte inter-
face (SEI) that correlates to high-frequency region i.e. > 200Hz, these 
movement processes are fast and show only minor non-linearity in 
output harmonic response, thus it can be ignored in this study. 

3.3.3. Dependence of NFRA data on aging pathway 
Additionally to capacity fade detection in aged cells with respect to a 

pristine cell, we also note an interesting distinction between the NFRA 

Fig. 4. THD% comparison between aged and new cell{2C} (A)THD% response at higher OCVs (B) THD% response at lower OCVs.  
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measurements on cell03 (0 ◦C aged) and the other two cells (25 ◦C aged). 
Despite having a similar SOH, cell03 displays a significantly higher 
NFRA response across the frequency range of 10Hz − 150Hz (Fig. 5). We 
ascribe this difference in NFRA response to differences in the dominant 
degradation mechanisms for these cells, resulting from the different 
conditions (temperature) imposed during aging. Lithium plating is the 
major aging cause when cells aged at low temperatures [19,20]. It is 
evident from Fig. 5, that cell that has been cold aged showed more THD 
% response due to higher non-linearity for all OCVs in the frequency 
region of 10Hz − 150Hz. This observation is in agreement with those of 
Harting et al. [19], but that work only considered single SOC (50 %), our 
work shows that the different aging temperatures can be distinguished 
in higher and lower OCV ranges. It can be assumed that cold aging of the 
cell results in lithium plating on the negative electrode, causing deteri-
oration of charge transfer kinetics in-between anode and electrolyte. 
This rise in charge transfer resistance also correlates to the middle- 
frequency region (10Hz − 150Hz) thus causing higher THD% for cold 

aged cell. For this particular range of frequency, as the diffusion pro-
cesses slowed down the surface concentration profile in the particles 
becomes more prone to non-linear behaviour, resulting in increased 
THD% response for cold aged cell [18]. 

3.3.4. Effect of AC amplitude on NFRA response 
NFRA requires high AC perturbation to excite non-linearities in the 

electrochemical system. We have compared two C-rates (1C & 2C) at one 
low and one high OCV to check the difference in THD response based on 
aging. Fig. 6 [a-d], shows two different OCVs i.e. 3.8 V and 2.9 V at 1C 
(4.85A) and 2C(9.7A) AC perturbation. 

One previous study has indicated that high AC perturbation can 
cause damage and further aging in the cell [23]. The selection of 
appropriate limits for AC amplitude depends on the testing conditions. 
For instance, high amplitude AC signal with a very low frequency at low 
temperature may enhance the likelihood of lithium-plating specifically 
at higher SOCs [24]. Hence, in this study, any aging introduced by 

Fig. 5. Aging detection based on THD% response (a) For higher OCVs (B) For Lower OCVs.  
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harmonic analysis may consider negligible. The differences in THD% 
between aged and pristine cell for AC amplitude of 1C and 2C can be 
seen in Fig. 6. At 1C the difference is negligible as compared to 2C. So, 
for a better and more precise SOH assessment (for at least this instru-
ment), somewhere between 1C and 2C is required. 

4. Conclusion and future scope 

Non-linear frequency response (NFRA) measurements have been 
made on commercial 21700 format cylindrical cells aged to various 
SOHs, at multiple open-circuit voltages (OCVs). Nonlinear I-V charac-
teristics were quantified in terms of Total Harmonic distortion (THD%), 
with harmonic amplitudes normalised against the fundamental to cor-
rect for growth in absolute impedance with ageing. The importance of 
characterising the linearity of the measurement system has been high-
lighted, with maximum frequency limited to 300 Hz in this study due to 
distortions in the current perturbation applied by the instrument above 
this limit. Results show that NFRA response is SOC dependent in the 
lower frequency region (<10 Hz), having higher THD% (0.8 %–9%) for 
lower SOCs (3.2 V–2.75 V) and lower THD% (0.1 %–0.6 %) for higher 
SOCs (4.1 V–3.5 V). Whereas, increased THD% can correlate with ca-
pacity fade in the frequency range of 10 Hz–150 Hz over whole range of 
SOCs. Our results demonstrate that NFRA holds promise for SOH diag-
nosis on commercial Li-ion batteries at a wide range of SOCs. Whilst the 
consistency of the results for the cells in this study is compelling, our on- 
going investigations aim to assess the repeatability and reproducibility 
of this method over a larger number of samples. Further work is required 
to develop methods for interpretation of NFRA data in terms of residual 
capacity. 

This work serves as a preliminary investigation into the dependence 
of NFRA measurements on degradation mechanisms and ageing path-
ways. Cells cycle-aged at low temperature displayed a different (higher) 
NFRA response than cells cycled to similar SOH at 25 ◦C. This finding 
highlights the potential for NFRA measurements to elucidate informa-
tion about the operating history of Li-ion batteries. 
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G. Hinds, R. Raccichini, M. Gaberšček, J. Park, Application of electrochemical 
impedance spectroscopy to commercial Li-ion cells: A review, J. Power Sources 480 
(2020) 228742. 

[3] S. Ernst, T.P. Heins, N. Schlüter, U. Schröder, Capturing the Current-Overpotential 
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