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ABSTRACT    
Electrochemical impedance spectroscopy is a powerful tool for 
determining the behavior of electrochemical systems. Despite being 
costly and time-consuming, the time-domain impedance calculation 
of electrochemical systems is advantageous. However, this method 
exhibits a high error rate under noise conditions. In this study, the 
linear technique is developed to minimize noise effects when 
calculating the impedance of electrochemical systems in the time 
domain. Multiple equivalent circuit samples are simulated, and the 
linear technique versus the standard fast Fourier transform method 
for a noisy input is compared. The results indicate that its error rate is 
considerably less than that of the fast Fourier transform. The error 
rate in the Li-ion battery equivalent circuit was reduced from 
273.5446 using the fast Fourier transform to 0.0049 using the linear 
method. Notably, this reduction is significant and on the order of 105. 
Additionally, the decline in the real and imaginary parts of mean 
relative error is in the order of 10. It is concluded that the linear 
method results in less error in the presence of noise and is faster than 
traditional electrochemical impedance spectroscopy in the frequency 
domain. Thus, the linear method outperforms the fast Fourier 
transform method in time-domain electrochemical impedance 
spectroscopy. 
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1. Introduction 

Electrochemical impedance spectroscopy (EIS) 
is a suitable technique for identifying the 
electrochemical systems’ behavior. In this 
method, a system’s output voltage or current 
(depending on the input type) is measured 
based on a sinusoidal current or voltage input 
signal with a spectrum of frequencies. Due to 
the comprehensive investigation of the system, 
it is necessary to repeat the test above for the 

entire frequency range, from microhertz to 
megahertz, as different electrochemical 
phenomena occur at different frequencies. The 
frequency response analyzer is then used to 
determine the system impedance, and the 
battery parameters are determined based on the 
system’s equivalent circuit. Thus, the stated 
method necessitates ample time, particularly at 
low frequencies. In addition, it is necessary to 
reduce noise to the lowest possible level and 
apply the correct input signals to maintain the 
system’s steady state. Therefore, expensive 
devices are needed to employ this method.  

Numerous researchers utilized EIS to 
determine the battery parameters. These 
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parameters are adequate for identifying the 
battery’s behavior. Middlemiss et al. [1] studied 
the internal sodium-ion battery degradation 
process. Using the EIS, they calculated the 
battery’s impedance and identified its principal 
degradation mechanisms. In addition, Krikis [2] 
utilized EIS to determine the degradation 
performance parameters of the nickel 
manganese cobalt oxide (NMC) Li-ion batteries. 
Vyroubal et al. [3] extracted the values of the 
equivalent circuit parameters, such as resistance 
and capacitance in the NMC Li-ion battery, 
from the EIS measurements. Jiang et al. [4] 
estimated the state of health (SoH) of 18650-
type commercial batteries using EIS. The 
proposed SOH estimation was adaptable to 
various aging conditions.  

Scipioni et al. [5] investigated the 26650 
cylindrical commercial LiFePO4/Graphite 
battery. In this paper, the Li-ion battery was 
disassembled, and the EIS was used to 
characterize the two electrodes separately. Ma et 
al. [6] utilized EIS to investigate the potential 
effects of the battery’s internal short circuit on 
physical processes at various SOH levels. EIS 
was employed by Amano et al. [7] to evaluate 
series resistance and charge-transfer resistance. 
Under UV-visible light irradiation, they 
examined the effect of charge transport at the 
interface between the oxide particles and the 
conductive substrate using EIS. 

 EIS was used by Yao et al. [8] to 
characterize the phenol mass transfer 
coefficients of composite extractive 
membranes with varying polydimethylsiloxane 
thicknesses. They observed a simple 
correlation between membrane impedance, 
selective layer thickness, and phenol mass 
transfer rate. Using the EIS, Jiang et al. [9] 
determined the relationship between 
electrochemical impedance and the capacity of 
aging batteries through EIS. Schmitt et al. [10] 
used the EIS to investigate the capacity loss 
and impedance rise of commercial 18650 
Lithium-ion batteries due to calendar aging.  

Teliz et al. [11] proposed an EIS-based 
strategy for identifying and measuring the aging 
mechanisms of commercial 18650 NMC 
lithium-ion batteries over time. They fitted the 
EIS spectra to a proper equivalent electrical 
circuit, and the main mechanisms responsible 
for the degradation were identified through the 

calculated parameter variations with time. 
Koseoglou et al. [12] utilized the EIS to detect 
Li plating in Li-ion batteries during the charging 
process. Consequently, lithium plating can be 
detected by monitoring the real and imaginary 
components of the battery’s impedance in real-
time. Ezpeleta et al. [13] used the EIS to 
characterize commercial cylindrical Li-ion cells 
under different state of charge (SoC) conditions 
and up to 300 charge/discharge cycles to 
determine the SoH status. Captiva et al. [14] 
investigated the electrochemical reactions 
occurring in a 3.4 Ah Li-S pouch cell. They 
characterized the electrode processes, complex 
interfaces, and internal resistance by utilizing 
the EIS. Mohsin et al. [15] introduced an 
innovative method for determining the SoH of 
the lead-acid battery from the EIS. They 
proposed a dependable formula to link the SoH 
and EIS for batteries with an unknown history. 

 The studies mentioned used EIS to 
calculate various electrochemical system 
parameters; however, this method is time-
consuming and expensive. 

Time-domain measurement is an additional 
method for determining the behavior of 
electrochemical systems. This method applies a 
time-dependent input voltage or current signal 
to the system. Afterward, the time-dependent 
current or voltage system response is 
measured. The impedance can be calculated by 
dividing the fast Fourier transform (FFT) of the 
voltage by the FFT of the current. Unlike the 
EIS, voltage, and current are measured in the 
time domain, and the frequency domain is 
calculated using mathematical relations. The 
primary advantage of the time-domain 
technique over the EIS is that it reduces the 
time and cost of the procedure. As stated 
previously, the EIS method is time-consuming.      

Lohman et al. [16] evidenced that the EIS 
method requires more time than 
electrochemical impedance spectroscopy in the 
time domain. They employed time domain 
analysis to generate impedance spectra for the 
SoC estimate of Li-ion batteries, considering 
the effects of aging. In addition to sinusoidal 
waveforms, they used rectangular, Gaussian, 
and sin(x)/x pulses for EIS in a time domain 
and reduced the measurement time for EIS. In 
addition, Klotz [17] compared the EIS method 
to electrochemical impedance spectroscopy in 
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the time domain and concluded that the 
required time for impedance spectroscopy in 
the frequency domain is nearly three times that 
of the time-domain measurement. Numerous 
researchers employed the electrochemical 
impedance spectroscopy technique in the time 
domain to address this issue.  

Hallemans et al. [18] characterized 
commercial LG M50 batteries using EIS in the 
time domain. This study provided a novel time-
domain EIS (operando EIS) for evaluating time-
varying impedance data of Li-ion 
batteries.  Kuipers et al. [19] utilized EIS in the 
time domain to develop an efficient method 
designed to operate on a battery management 
system continuously measuring electrochemical 
impedance by analyzing battery current and 
voltage readings iteratively. Furthermore, the 
algorithm adapted the parameters of an 
equivalent circuit model to best match the 
battery’s impedance, providing characteristic 
measures of a battery’s internal conditions.  

Islam et al. [20] introduced an online EIS 
method for a Li-Ion battery. They employed 
EIS in the time domain to precisely measure 
impedance using this technique. The proposed 
spectroscopic method was beneficial for 
monitoring and evaluating the electrochemical 
conditions of a battery. Messing et al. [21] used 
EIS in the time domain to capture the SoH of 
the battery relaxation effect. They proposed an 
SoH estimation method that combined 
fractional order impedance modeling and 
short-term relaxation effects with EIS 
characterization for rapid SoH determination. 

Tairov et al. [22] proposed an estimation 
technique for the valve-regulated lead-acid 
battery SOC using electrochemical impedance 
spectroscopy in the time domain. De Angelis et 
al. [23] characterized the 18650 Li-ion battery 
using EIS in the time domain. They utilized the 
multisine function as an input excitation signal 
in the time domain and studied the battery’s 
impedance Nyquist plot. Fu et al. [24] 
estimated the SoH of the Li-ion battery using 
the EIS in the time domain. From the 
perspective of the EIS in the time domain, they 
proposed a fast impedance-based battery SOH 
estimation method for Li-ion batteries based on 
impedance calculation.  

Previous studies stated above used the EIS 
in the time domain to reduce the time required 

for the characterization of electrochemical 
systems, but they employed filters to reduce 
the impact of noise on the calculation of 
impedance using the conventional FFT. 

Noise prevents the estimation of a suitable 
equivalent circuit using the EIS method. In 
addition, if semicircles overlap in certain areas 
of the Nyquist plot, noise makes initial 
estimation more difficult. Therefore, noise is 
one of the difficulties of electrochemical 
impedance spectroscopy in the time domain 
[25]. Theoretically and in the absence of noise, 
it is possible to obtain appropriate responses 
using the FFT method, but using the FFT 
method in the presence of noise results in error. 
One way to reduce error in the presence of noise 
is to increase the integration order of the Fourier 
transform (FT). Klotz [26] was the first to 
propose using a linear method to increase the 
order of FT integration. In this reference, 
however, the effectiveness of noise in the 
response of various circuits prior to and 
following the linear method is not discussed in 
detail. In addition, the acceptable range of 
varying circuit parameter values required to 
achieve the desired response is not investigated. 

This paper examines the significance of the 
linear method for calculating impedance from 
time-domain measurements. In order to 
demonstrate its effect on the noise calculation, 
series and parallel circuits and equivalent 
circuits of the battery are simulated in the 
presence of noise, and the correct range of 
parameters for the series and parallel circuits is 
determined to achieve the desired response. In 
all simulations, the FFT and linear integration 
are used, demonstrating that linear integration 
is superior to the FFT method. The novelty and 
major contributions of the present study can be 
summarized as: (a) Development of the linear 
method in calculating electrochemical 
impedance spectroscopy, (b) Real-time 
simulation of electrochemical systems in the 
presence of noise, (c) Calculating the 
electrochemical system impedance using the 
linear and conventional FFT methods and 
comparing the resulting errors from these two 
methods (d) Determining the suitable range of 
the electrochemical system’s parameters in the 
linear method to achieve proper impedance 
values of the electrochemical systems. The 
remaining sections of the paper are organized 
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as follows. The discussion is covered in 
Section 2, while the methodology of the 
proposed method is presented in Section 3. 
Section 4 presents the results, and Section 5 
provides concluding remarks. 

Nomenclature 

aV 

 

constant coefficient of the estimated 
straight line of voltage between the 
tn and tn+1 time points 

F 
bV 
 

constant coefficient of an estimated 
straight line of voltage between the 
tn and tn+1 time points 

C capacitance 

Cn 
the double-layer capacitance of the 
negative electrode 

F 

Cp  

Fk 

the double-layer capacitance of the 
positive electrode 
discrete Fourier transform of the 
function f at k frequency 

F 

fi 
 

value of the function f at the ith 
point 

 

f (t) arbitrary function  
FFT 

FT 
fast Fourier transform 
Fourier transform 

 

f (ω) 
Fourier transform of arbitrary 
function f (t) 

 

I current, A 
I(ω) Fourier transform of the current  
ImI(ω) 

ImV (ω) 
 

the imaginary part of the current 
Fourier transform   
imaginary part of the voltage 
Fourier transform 

 

i counter of the number of points  
n beginning of integration interval  
N measured data number  
R resistance Ω 
R1 resistance Ω 
R2 resistance Ω 
Re electrolyte resistance Ω 
Rn resistance of a negative electrode Ω 
Rp 

ReI(ω) 

ReV (ω) 
 

resistance of a positive electrode 
the real part of current Fourier 
transform  
real part of voltage Fourier 
transform 

Ω 

SoC state of charge  

SoH state of health  
t time, s 
V voltage, v 
Vs 
V (ω) 

voltage source, 
Fourier transform of voltage 

v 

wi the inverse of the square of the 
vector length of impedance in the ith 

 

 

 
Z(ω) 

frequency  
impedance 

 

Ω 

Za,i 
analytical impedance in the ith 
frequency 

Ω 

Zim,i 
the measured imaginary part of 
impedance in the ith frequency 

Ω 

Zima,i 
the analytical imaginary part of 
impedance in the ith frequency 

Ω 

Zp parallel circuit impedance Ω 
Zr Randles circuit impedance Ω 

Zre,i 
measured real part of impedance in 
the ith frequency 

Ω 

Zrea,i the analytical real part of 
impedance in the ith frequency 

Ω 

Zs series circuit impedance Ω 
Greek 
∆im 

∆re 

ω 

mean relative error of imaginary part 
of impedance  
mean relative error of the real part 
of the impedance 
frequency 

 
 
 
 

Hrtz 

2. Discussion 

The FT of each f (t) function is defined as f (ω), 
calculated based on Eq. (1): 

     exp




 f f t j t dt   (1) 

where ω and t represent frequency and time, 
respectively. Since input/output data are 
discrete in time-domain measurements of 
electrochemical systems, FFT is typically used 
to convert functions from the time domain to 
the frequency domain. 

Moreover, FFT is applied to discrete points 
according to Eq. (2). 

1

0

2
exp( )    0   1





      
 


N

k i
i

i
F f j k k N

N


 (2) 

In this equation, Fk represents the FT of the 
function f at frequency k. Furthermore, N 

indicates the number of points, i denotes the 
index of the number of points, and fi is the 
value of the function f at the ith point. 

In the absence of noise, the FFT method is 
ideally suited for obtaining impedance due to its 
high accuracy (the closeness of the impedance 
obtained by numerical FT to the impedance 
obtained by the analytical method). However, 
when noise is present, this method’s error rate 
increases. Due to the necessity of dividing the FT 
of voltage by the FT of current when calculating 
the impedance of electrochemical systems, the 
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error of the impedance calculation increases, 
making it impossible to calculate the impedance 
accurately. Assume, for example, that the FT of 
the voltage and current are computed using the 
FFT method with an accuracy of 10-6 and 10-8, 
respectively. Therefore, the voltage and current 
have been calculated with reasonable accuracy. 
However, to calculate the impedance, the voltage 
FT is divided by the current FT, resulting in an 
error of the order of 100, which is unacceptable. 
Therefore, the FFT method is unsuitable for 
calculating impedance in the presence of noise, 
and it is preferable to use a higher-order method 
to calculate the numeric FT in noisy conditions 
accurately. 

 This paper explores the effect of the linear 
method and electrochemical systems’ parameters 
on the time domain impedance calculation of 
electrochemical systems in the presence of noise. 

3. Methodology 

According to Eq. (1), the FT of  the  voltage V 

(t) and current I(t) can be obtained by the 
following equations: 

        exp




 V V t j t dt   (3) 

     exp




 I ω I t jωt dt  (4) 

On the other hand, Euler’s formula is 
expressed via the following equation: 

     exp cos  j t t jsin t    (5) 

By substituting Eq.(5) in (3)  and assuming 
positive time values, Eq. (6) is obtained as 
follows: 

         
0 0

cos ωt
 

  V V t dt j V t sin t dt   (6) 

As can be seen, Eq. (6) consists of a real 
and an imaginary part, defined as follows: 

     
0

cos ωt


 VRe V t dt  (7) 

     
0

sin ωt


VIm ω V t dt  (8) 

Equation (9) is therefore obtained by 
substituting Eqs. (7) and (8) in Eq.(6): 

      V VV Re jIm    (9) 

Similarly, the current is obtained according 
to Eq. (10). 

      I II Re jIm    (10) 

Therefore, integration is required to obtain 
the FT of any function. Numerous numerical 
integration methods are available, including the 
midpoint, trapezoidal rule, Simpson, and 
others. As depicted in Fig. 1(a), the FFT 
method employs a constant degree method, 
which is quite similar to the midpoint rule. The 
linear method and the trapezoidal integration 
method are identical. Figure 1(a) illustrates the 
FFT method, whereas Fig. 1(b) depicts the 
linear method. Figure 1(a) shows the one-point 
method for calculating the Fourier transform, 
which means that at a given frequency, only 
one-point data is used to calculate the Fourier 
transform. Nevertheless, Fig. 1(b) displays the 
two-point or linear method for calculating the 
Fourier transform, indicating that two-point 
data is used to calculate the Fourier transform 
at a given frequency. Consequently, two points 
are used to draw a straight line, which is then 
utilized to calculate the Fourier transform. 
Equations (7) and (8) are transformed as shown 
in Fig. 1(b) to perform a linear integration: 

     
11

1

cos




 
n

n

tN

V V V
n t

Re a t b t dt   
(11) 

     
11

1

sin




 
n

n

tN

V V V
n t

Im ω a t b ωt dt (12) 

     
1

2
1

1
[ sin cos ]





   
 


N

V V V
V

n

na t b a
Re ω ωt ωt

nω ω
 (13) 

     
1

2
1

1
[ cos sin ]





    
 


N

V V V
V

n

na t b a
Im ω ωt ωt

nω ω
 (14) 

where aV and bV denote the constant 
coefficients of the linear voltage between the tn 
and tn+1 time points. Also, tn and tn+1 are the 
beginning and end of the integration interval. 
Moreover, N represents the measured data 
number, and for each two subsequent data 
points of tn and tn+1, the corresponding voltages 
are Vn and Vn+1, respectively. According to Fig. 
1(b), Vn and Vn+1 can be obtained using Eqs. 
(15) and (16). 

   n V n VV a t b  (15) 

1 1  n V n VV a t b  (16) 
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(a) Description of the FFT method (b) Description of the linear FT 

Fig. 1. Description of the FFT and linear FT 

 

 
 

(a) The series circuit in Scilab software 

 

 

(b) The parallel circuit in Scilab software 

Fig. 2. The series and parallel circuits in Scilab software 
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The same method applies to calculating the 
FT of the current. The impedance is the ratio of 
the FT of the voltage to the FT of the current; 
therefore, Z(ω) can be calculated using the 
following equation: 

   
 


V

Z
I





 (17) 

The linear method is validated in this paper 
by applying the present procedure to two 
classical circuits. Circuit one contains a 
capacitor (C) and a resistor (R) in series in 
Scilab software,  shown in Fig. 2(a). Circuit two 
exhibits the same elements in parallel in Scilab 
software, as depicted in Fig. 2(b). Finally, to 
verify a more realistic circuit for the battery 
simulation, the same method is then applied to 
the Randles circuit, which is widely used to 
predict the behavior of lithium batteries. Scilab 
is a free, cross-platform, open-source 
numerical computing package and a high-level, 
numerically-oriented programming language. It 
is applicable for signal processing. In this 
software, every circuit parameter, such as a 
resistor, capacitor, and voltage source, is 
arranged, and the output signal can be recorded 
and analyzed for any input signal. 

3.1. Series and parallel circuits 

The impedance of the series and parallel 
circuits can be calculated according to Eqs. 
(18) and (19): 

1
   sZ R

jC
 (18) 

1

p

R
 Z

jRCω
 (19) 

In these equations, Zs, Zp, and ω represent 
series circuit impedance, parallel circuit 
impedance, and frequency, respectively. Also, 
R and C denote capacitor capacity and ohmic 
resistance. Furthermore, the impedance 
Nyquist plot of the series and parallel circuits 
according to Eqs. (18) and (19) are shown in 
Figs. 3(a) and 3(b), respectively. 

3. 2. Battery model 

The Randles model is among the simplest and 
most prominent models in electrochemical 
systems, such as batteries. According to Fig. 
4(a), for each electrode in the model above, a 
circuit consisting of a parallel resistor and 
capacitor in series with a resistor is considered. 
R1 and R2 represent the resistors, and C 
represents the capacitor. To this end, since 
batteries consist of two electrodes, each 
electrode comprises a Randles circuit 
configured per Fig. 4(b), where Rn, Rp, Cn, Cp, 
and Re denote the resistance of the negative 
electrode, the resistance of the positive 
electrode, the capacitance of the negative 
electrode, the capacitance of the positive 
electrode, and the electrolyte resistance, 
respectively. Numerous studies have examined 
this Li-ion battery model. 

Nicolian et al. [27] used this model to 
characterize three types of Li-ion batteries 
(NMC, LFP, and LTO). This model was 
developed by Madani et al. [28] for the LTO 
Li-ion battery. The circuit impedance shown in 
Fig. 4(b) is calculated theoretically based on: 

1 1
  
 

pn
r e

n n p p

RR
Z R

jRC jR C 
 (20) 

  

  

(a) The series circuit (b) The parallel circuit 

Fig. 3. The impedance Nyquist plot of the series and parallel circuits 
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(a) Randles model (b) Equivalent circuit of a Lithium-ion battery sample 

Fig. 4. Electrode and battery model 

In the present paper, numerous simulations 
with different values for R and C were 
performed. Numerous conditions (hundreds of 
cases) were simulated in the software Scilab; 
however, not all simulations are included in 
this article. In order to demonstrate the linear 
method, one of the simulation conditions listed 
in Table 1 is applied to the series, parallel, and 
battery circuits. According to Fig. 5, the input 
signal in these simulations is a noisy step pulse 
in 150 seconds with a height of 4.2 volts. 

4. Results 

4. 1. Series and parallel circuits 

Figures 6(a) and 6(b) depict the impedance 
Nyquist plot in the condition specified in Table 
1 for the series circuit using the FFT and linear 
method, respectively. According to Fig. 3(a), 
the impedance Nyquist plot is a vertical line 
intersecting the horizontal axis at 1000 Ω. 
According to Figs. 6(a) and 6(b), the vertical 
line is not obtained precisely due to the 
presence of noise, and the error is present in 
both methods. 

This paper calculates the error using the 
complex nonlinear least square (CNLS) 
method. The CNLS method is a technique for 
approximating a model with a linear one and 
refining the model’s parameters through 
successive iterations. This method identifies 
the appropriate model by minimizing Eq. (21), 
representing the object function [29]. 

    2 2

. . . .
1

   
N

i rei reai imi imai
i

s Z Z Z Z  (21) 

In this equation, wi denotes the inverse square 
of impedance magnitude. Moreover, Zre,i and Zrea,i 
represent the real part of the measured and 
analytical impedance at the ith frequency, 
respectively. Additionally, Zim,i and Zima,i denote 

the imaginary part of measured and analytical 
impedance at the ith frequency, respectively. This 
equation has been considered in this paper to 
determine the error rate of the impedance 
diagram. This equation’s lower values indicate 
the corresponding technique’s lower error, 
with zero representing the lowest possible 
value. Consequently, the error rate decreases, 
as this value approaches zero. 

A second CNLS method suitability criterion 
for the fitted impedance diagram [29] is 
represented by  

. .

1 .

 ,



 

N
rei reai

re
i ai

Z Z
Z

 (22) 

. .

.1


 

N
imi imai

im
aii

Z Z
Z

 (23) 

In these equations, ∆re and ∆im specify the 
residual value of the real and imaginary parts 
of the impedance at the ith frequency, 
respectively. Also, Za,i is the analytical 
impedance in the ith frequency. 

Equations (22) and (23) vary in value at 
various frequencies. In this study, the average 
of these equations has been used to calculate 
the relative error. The mean of Eqs. (22) and 
(23) has, respectively, been calculated using 
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In these equations, N represents the quantity 
of measured data. Similar to the previous 
paragraph, as the value of these equations 
decreases, the error rate decreases, and the 
appropriateness of the corresponding method 
increases. 
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Using Eqs. (21) to (25), the values of ∆re, 
∆im, and s, through the FFT and linear methods 
in a series circuit, are shown in Table 2. 
According to this table, the ∆re, ∆im, and s of 
the FFT method are greater than the linear 
method. Therefore, in the linear method, the 

impedance Nyquist has a smaller amount of 
error compared to the analytical method. 

The same elements from table 1 are used in 
the parallel circuit, and the FFT and linear 
methods results are shown in Figs. 7(a) and 
7(b), 

 

Table 1. Conditions of the sample test 

R(Ω) C(F) Time(s) Time step(s) Vs (v) 

1000 0.001 150 0.001 
Noisy step pulse 

(Fig. 5) 
 

 

Fig. 5. The noisy step pulse as the input signal 

 

  

(a) FFT method (b) Linear method 
Fig. 6. Impedance Nyquist plot of the series circuit following Table 1’s conditions.  

Utilizing FFT and the linear method  

Table 2. The errors in the series circuit 

 FFT Linear 
∆re 8.3910 × 10−4 8.2509 × 10−4 
∆im 0.0025 7.9347 × 10−4 

s 38.3623 8.9303 × 10−5 
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(a) FFT method (b) Linear method 

Fig. 7. Impedance Nyquist plot of the parallel circuit in the condition as per Table 1 using the FFT and linear 
method 

Table 3. The errors in the parallel circuit 

 FFT Linear 
∆re 1.6033 0.0116 
∆im 7.9358 0.0087 

s 2.9327 × 107 0.0242 
 

respectively. As can be seen, the linear method 
yields the impedance Nyquist plot as a 
semicircle that intersects the horizontal axis at 
1000 Ω. It follows the analytical method (Fig. 
3(b)). However, as shown in Fig. 7(a), the FFT 
method has a high error.       

The value of ∆re, ∆im, and s in a parallel 
circuit using the FFT and linear method is 
shown in Table 3. According to this table, the 
∆re, ∆im, and s of the FFT method are greater 
than the linear method. As a result, the linear 
method exhibits less distinction than the 
analytical method in both series and parallel 
circuits; thus, it is an appropriate method for 
calculating numerical FT and, consequently, 
the impedance of electrochemical systems. 

4. 2. Determination of the acceptable values 
for R and C 

More than a thousand simulations 
were performed with different R and C values 
to study the effect of various circuit 
parameters. Notably, the numerical errors 
were strongly dependent on the values of R and 
C. Consequently, it would be necessary to 
determine the acceptable error ranges for these 
values. Figure 8(a) depicts the Nyquist plot of 
the sample simulation in the series circuit 
based on Table 1 and changing the resistance 

value to 0.001 Ω using the linear method. As 
stated, a vertical line is not displayed by 
selecting the circuit parameters in the high 
error range (Table 4). Figure 8(b) depicts the 
Nyquist diagram with the capacitance value 
changed to 0.01 F, which is in the low error 
range (according to Table 4). In contrast to the 
previous simulation with a capacitance of 
0.001 F, the Nyquist plot is nearly vertical and 
intersects the horizontal axis at the value of the 
ohmic resistor. According to Table 4, a high 
error rate will be present in the responses if  
RC > 4 or RC <10−5. The RC represents the 
circuit’s time constant. According to the 
simulations, its value must fall within the 
acceptable error range shown in table 4 to 
produce the desired results. 

Figure 9(a) depicts the Nyquist diagram of 
another simulation in the parallel circuit, 
according to Table 1, with the resistance value 
changed to 0.01 Ω. As can be seen in Table 5, 
the parallel circuit parameters are selected 
within the high error range; consequently, no 
correct answer can be derived from these 
parameter values. In addition, the FFT method 
has a high error rate within the specified range 
of the method presented in this paper; therefore, 
this method does not produce an accurate 
answer. Figure 9(b) depicts the Nyquist diagram 
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of another simulation in the parallel circuit with 
a resistance value compared to the previous 
simulation, and the capacitance value changed 
to 0.1 F. According to Table 5, the semicircle 
Nyquist plot can be attained if the parallel 
circuit parameters are selected within the low 
error range. According to Table 5, if RC  ≤ 10−5, 

the acquired responses will contain a substantial 
amount of error. As stated previously, the RC 
component represents the circuit’s time 
constant. Simulations indicate that appropriate 
responses will be obtained if this parameter’s 
value falls within the acceptable error range 
shown in Table 5. 

  

(a) high error range (R=0.001 , C=0.001 F) (b) low error range (R=0.001 , C=0.01 F) 

Fig. 8: Impedance Nyquist plot of the series circuit in low and high error range using 
the linear method 

Table 4. The effect of capacitor and resistor values on the impedance of series circuits arrangement in the 
presence of noise 

C (F) 
Acceptable error, R 

(Ω) 
High-error, R (Ω) 

Acceptable error, RC 
(ΩF) 

High-error, RC 
(ΩF) 

0.001 10−2  ≤R ≤ 4000 R < 10−2, R > 4000 10−5 ≤ RC ≤ 4 RC > 4, RC < 10−5 

0.01 10−3 ≤ R ≤ 400 R < 10−3, R > 400 10−5 ≤ RC ≤ 4 RC > 4, RC < 10−5 

0.1 10−4 ≤ R ≤ 40 R < 10−4, R > 40 10−5 ≤ RC ≤ 4 RC > 4, RC < 10−5 

1 10−5 ≤ R ≤ 4 R < 10−5, R > 4 10−5 ≤ RC ≤ 4 RC > 4, RC < 10−5 

10 10−6 ≤ R ≤ 0.4 R < 10−6, R > 0.4 10−5 ≤ RC≤4 RC > 4, RC < 10−5 

  

(a) high error range (R=0.001 , C=0.001 F) (b) low error range (R=0.001 , C=0.1 F) 

Fig. 9. Impedance Nyquist plot of the parallel circuit in low and high error range using 
the linear method 
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Table 5. The effect of capacitor and resistor values in the circuit impedance of parallel configuration in the 
presence of noise 

C (F) Acceptable error, R (Ω) High-error, R (Ω) 
Acceptable error, RC 

(ΩF) 
High-error, RC (ΩF) 

0.001 R > 10−2 R ≤ 10−2 RC > 10−5 RC ≤ 10−5 

0.01 R > 10−3 R ≤ 10−3 RC > 10−5 RC ≤ 10−5 

0.1 R > 10−4 R ≤ 10−4 RC > 10−5 RC ≤ 10−5 

1 R > 10−5 R ≤ 10−5 RC > 10−5 RC ≤ 10−5 

10 R > 10−6 R ≤ 10−6 RC > 10−5 RC ≤ 10−5 
 

4. 3. Battery model 

To validate the linear method presented in this 
paper, it is applied to a real NMC Lithium-ion 
battery (LiNi0.33Mn0.33Co0.33O2). A Randles 

model with parameters specified in Table 6 has 
been selected for this battery. In the presence 
of noise, the analytical equivalent circuit of the 
battery is compared between the FFT and 
linear methods. Figures 10(a) and (b) are the 
results of the FFT and linear methods, 
respectively. The analytical solution is 

identical to Eq. (20). Table 7 displays the 
values of ∆re, ∆im, and s derived from the FFT 
and linear method. 

According to the table, the FFT method 
exhibits a  greater ∆re, ∆im, and s than the linear 
method. On the other hand, the FFT produces a 
significant amount of error. In addition, the 
number of data obtained with the FFT method 
is greater than with the linear method. In 
determining the behavior of the battery in the 
presence of noise, the linear method is, 
therefore, superior to the FFT method. 

 

Table 6. The actual value of the NMC Lithium-ion battery parameters [3] 

SoC VOC (v) Re(Ω) Rn (Ω) Cn (F) Rp (Ω) Cp (F) 
1 4.195754 0.01889 0.001540 1.241 0.002314 4.626 

 

 

  

(a) Comparison of the FFT and analytic method (b) Comparison of the linear and analytic method 

Fig.10. Impedance Nyquist plot of battery equivalent circuit using the FFT and linear method at SoC = 1 for the 
noisy step pulse as the input signal (Fig. 4) in 150 seconds duration with a time step of 0.001 second 

Table 7. The errors in the battery model 

 FFT Linear 
∆re 0.0122 0.0019 
∆im 0.0246 0.0062 

s 273.5446 0.0049 
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5. Conclusions 

This study developed the linear numerical 
technique for calculating the impedance of 
electrochemical systems in the time domain 
under noise conditions. In this paper, series, 
parallel, and battery circuits are simulated in 
the presence of noise using the Scilab software, 
and their impedance is calculated using the 
FFT and linear method in the time domain 
measurement. Then, the appropriate parameter 
ranges for the circuits are investigated. The 
linear method has been found to correspond 
well with analytical data. In the presence of 
noise, its relative error is significantly lower 
than conventional FFT. Another result 
demonstrates that if the conditions RC > 4 and 
RC < 10−5 are met for all capacitor values in a 
series circuit, a significant amount of error will 
occur in the responses, and if the condition RC 

≤ 10−5 is met for all capacitor values in a 
parallel circuit, a considerable amount of error 
will occur in the responses. 

Finally, the battery model for the NMC 
lithium-ion battery with actual parameter 
values was compared with the analytical 
method to validate the linear method. In 
addition, the impedance of the battery model 
was calculated using the FFT method. It was 
observed that the linear method is more 
compatible with the analytical method and 
produces fewer errors than the FFT method. 
Consequently, this method is suitable for 
calculating the impedance of electrochemical 
systems, including batteries. 
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