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Abstract—This paper presents an impedance-based analysis of 

three types of cylindrical Li-ion 18650 cells subjected to controlled 

charge–discharge cycling under various temperatures and load 

conditions. The main objective was to evaluate whether single-

frequency impedance monitoring can provide a reliable indicator 

of operational degradation that could be implemented in practical 

electronic systems. Measurements were performed using an RLC 

bridge in the frequency range of 42 Hz to 10 kHz, with particular 

emphasis on impedance at 100 Hz as a diagnostic reference point. 

Results demonstrate a clear correlation between impedance 

growth and the number of cycles, temperature, and discharge 

current, confirming the applicability of this method for real-time 

condition monitoring. The findings highlight the potential of 

simplified impedance diagnostics for integration into battery 

management systems (BMS), embedded electronics, and 

telecommunication power supply units, where compact, low-cost, 

and efficient diagnostic solutions are required.  

 
Keywords—Li-ion battery diagnostics; single-frequency EIS; 

battery management system (BMS); power electronics reliability 

I. INTRODUCTION 

 N recent years, the demand for reliable energy storage has 

rapidly increased, driven by the growth of embedded 

electronics, telecommunication systems, and power 

electronics applications. Lithium-ion (Li-ion) cells, particularly 

in the 18650 format, have become one of the most widely used 

solutions due to their high energy density and long cycle life. 

Ensuring durability and operational safety requires diagnostic 

methods that enable real-time monitoring of the technical 

condition of the cells [1,2]. 

One of the most effective electrochemical diagnostic 

methods is Electrochemical Impedance Spectroscopy (EIS), 

which enables the identification of processes occurring at the 

electrode–electrolyte interface, as well as the assessment of ion 

and electron transport parameters [1–3]. EIS measurements 

make it possible to determine, among other things, the series 

resistance (RS), charge transfer resistance (RCT), diffusion-

related parameters (Warburg element), and capacitance changes 

associated with electrode degradation. Particular importance is 

placed on in-situ EIS measurements, conducted during actual 

cell operation – i.e., during charging or discharging. These 

measurements allow for the observation of dynamic changes in 

electrochemical parameters as a function of the state of charge 

(SoC) and state of health (SoH). Literature reports indicate that 

RCT) values are typically higher during discharge than during 
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charge, which is attributed to the asymmetry of electrochemical 

processes and the presence of hysteresis [1,3]. Moreover, an 

increase in temperature and the number of charge-discharge 

cycles has been shown to intensify this effect [6,9,14]. 

Studies have shown that impedance characteristics are 

influenced not only by operational parameters (such as 

temperature, current, and depth of discharge) but also by the 

properties of electrode materials, including the size of active 

particles and the structure of the Solid Electrolyte Interphase 

(SEI) layer [2,4,6,12]. As degradation progresses, a systematic 

increase in both RCT and low-frequency impedance is 

observed, which can serve as an indicator of the cell’s aging 

process [10,14]. 

In recent years, new measurement techniques have been 

developed, such as Dynamic Electrochemical Impedance 

Spectroscopy (DEIS) [3] and methods based on unipolar signal 

excitation [5], which enable galvanostatic measurements with 

high temporal resolution. These approaches allow for more 

precise analysis of cell behavior under real operating conditions 

while minimizing the influence of external disturbances and 

relaxation processes [7,13]. 

The aim of this study is to analyze impedance changes in 

three types of cylindrical Li-ion 18650 cells under different 

operating conditions, with particular attention to impedance at 

100 Hz as a potential single-frequency diagnostic indicator. The 

results are discussed in the context of applicability in embedded 

electronic systems and BMS, where reliable and cost-effective 

monitoring of state of health (SoH) is essential. 

II. RESEARCH METHODOLOGY 

Three types of commercially available cylindrical lithium-

ion 18650 cells were tested. The first was an LIR18650 (2600 

mAh) from EEMB (cell no. 1) [15], the second a Li-ion EVE 

ICR18650-26V (2550 mAh, 7.65 A) (cell no. 2) [16], and the 

third a Samsung INR18650-35E (3500 mAh) (cell no. 3) [17]. 

These cells differ both in internal construction and in 

performance parameters declared by the manufacturers. Each 

cell was tested under varying ambient temperatures, discharge 

currents, and different stages of aging, defined by the number of 

full charge-discharge cycles. To ensure reproducibility and 

unambiguous interpretation of the results, a separate, factory-

new cell was assigned for each combination of temperature 

(30°C, 40°C, 50°C) and discharge current (0.1C, 0.2C, 0.5C). 

This means that for each cell type, tests were performed on nine 

specimens, resulting in a total of 27 tested cells. During the tests, 
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each battery underwent charge-discharge cycles conducted at 

constant currents corresponding to the assigned configuration, 

until reaching 300 cycles. Measurements were taken for new 

cells as well as after 100, 200, and 300 cycles. 

An RLC bridge HIOKI 3532 was used to record impedance 

characteristics, enabling measurements in the frequency range 

from 42 Hz to 10 kHz. Due to the presence of the cell’s 

electromotive force and potentially very low impedance values, 

a dedicated separation circuit was employed to eliminate the DC 

voltage component and protect the measurement path of the 

bridge. The schematic diagram of this circuit, based on 

publication [18], is shown in Figure 1. The circuit included 

coupling capacitors (10 µF in the current path and 3300 µF in 

the voltage path), loading resistors (100 kΩ), and an external 

voltage source controlling the charging process or allowing 

disconnection during discharging. The circuit was connected to 

the bridge in a four-wire configuration. Prior to each 

measurement series, a two-step calibration (for short and open 

circuit of the measurement path) was performed, enabling 

compensation for the influence of passive elements in the 

separation circuit on the final result. 

 

 

Fig. 1. Simplified model of the test stand including the climate chamber. 

Measurements were carried out in situ, without interrupting 

the discharge process. Each measurement recorded the full 

impedance spectrum, including both impedance modulus and 

phase angle as functions of frequency. Due to the large number 

of combinations of test parameters - and thus the large number 

of resulting graphs - comparative analysis was carried out using 

extracted characteristic values. For each discharge cycle, the 

minimum and maximum values of the impedance modulus were 

defined as Zmin and Zmax, respectively. Similarly, the 

corresponding minimum and maximum impedance phase 

angles were extracted: ∠Zmin and ∠Zmax, i.e. the extreme values 

recorded during the entire discharge cycle. In addition, the 

modulus and phase angle of the impedance at 100 Hz were 

highlighted as a reference. Due to the relatively stable behavior 

of the characteristics in this range, this parameter can serve as a 

practical diagnostic indicator of the cell's condition. 

The collected data form the basis for further analysis of 

electrochemical parameters, such as actual resistance (Rmin, 

Rmax) and complex permittivity (Xmin, Xmax), which can be 

directly calculated from selected points on Nyquist or Bode 

plots. A total of 108 data sets were collected, covering all 

combinations of cell type, temperature, discharge current and 

number of cycles. This structured data set enables a 

comprehensive analysis of the impact of operating conditions 

on the cell's condition, stability and rate of electrochemical 

degradation. 

III. RESULTS 

This section presents the results of impedance analysis of 

three types of 18650 lithium-ion cells, tested for the effect of 

operating conditions on their electrochemical parameters. The 

analysis focused on changes in the impedance modulus and 

phase angle only at a frequency of 100 Hz, chosen as a 

representative diagnostic point. This frequency was chosen 

because of the stability of the characteristics in this range and 

its sensitivity to changes associated with chemical and structural 

degradation of the cell. 

For each combination of temperature, discharge current and 

number of cycles, minimum and maximum values of impedance 

modulus (|Zmin| and |Zmax|) and phase angle (∠Zmin and ∠Zmax) 

were determined during the cell's discharge process, all 

measured at a constant frequency of 100 Hz. This approach 

reduced data redundancy while maintaining the high diagnostic 

value of the results. 

 

 
Fig. 2. Impedance modulus |Z| as a function of the number of cycles at 100 

Hz, showing the maximum and minimum values recorded during discharge for 

each cell type for each case. 

Fig. 2 shows the changes in maximum and minimum 

impedance modulus at 100 Hz for the three cell types analyzed, 

each tested separately. For each cell, a systematic increase in 

both |Zmax| and |Zmin| is observed as the number of cycles 

increases. This clearly indicates progressive electrochemical 

degradation, manifested by an increase in SEI layer resistance 

and reduced ionic transport. 

Cell no. 1 (EEMB) shows the highest impedance values, 

especially under conditions of increased temperature and higher 

discharge current (e.g., 50°C, 0.5C). In contrast, no. 2 (EVE) 

and no. 3 (Samsung) cells show lower impedance values, which 

may suggest more favorable material properties or better 

structural stability. The increasing difference between |Zmax| and 

|Zmin| as the number of cycles increases (i.e., ΔZ increases) may 
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further indicate increasing nonlinear effects or a decrease in the 

intrinsic uniformity of the cell's impedance response. 

 

 

Fig. 3. Phase angle ∠Z as a function of the number of cycles at 100 Hz, 

showing the maximum and minimum values recorded during discharge for 

each cell type for each case. 

 

 

Fig. 4. Imaginary part of impedance Imag{Z} as a function of the number of 
cycles at 100 Hz, showing the maximum and minimum values recorded during 

discharge for each cell type for each case. 

In the case of Imag{Zmax} the changes are less obvious - the 

values remain relatively stable with a slight downward trend 

accompanied by slight fluctuations, especially for cells 1 and 3 

at higher currents and temperatures. This may indicate that this 

characteristic is more sensitive to transient changes in charge 

state or diffusion-related effects. The most pronounced 

systematic decrease in Imag{Zmin} occurs in cells 2 and 3, 

suggesting their greater susceptibility to capacity loss during 

operation. It is worth noting that the range of changes in 

Imag{Z} is on the order of several milliohms, confirming the 

need for precise measurement setup and careful interpretation 

of the results. 

Fig. 5 shows the variation of the real part of the impedance 

(Real{Z}) as a function of the number of charge/discharge 

cycles for three types of lithium-ion cells, measured at a 

constant frequency of 100 Hz. The minimum and maximum 

values of Real{Z}, labeled Real{Zmin} and Real{Zmax}, were 

determined for each discharge cycle. Since the imaginary part 

of the impedance in this frequency range is orders of magnitude 

smaller than the real part (Imag{Z} ≪ Real{Z}), the real part of 

Z is almost identical to the impedance modulus. Therefore, the 

Real{Z} trends closely match the |Z| trends shown in fig. 2.  

 

 
Fig. 5. Real part of impedance Real{Z} as a function of the number of 

cycles at 100 Hz, showing the maximum and minimum values recorded during 

discharge for each cell type for each case. 

The second set of graphs (fig. 3) shows changes in the 

maximum and minimum values of the impedance phase angle 

(∠Z) at the same frequency of 100 Hz. Again, a clear trend can 

be observed: the phase angle increases (its absolute value 

decreases), indicating that the electrochemical response of the 

cell is shifting towards a more resistive behavior. Cell no. 2 

(EVE) exhibits the most negative initial phase angle values 

(approximately –4°), but also shows the most pronounced 

reduction in absolute phase angle over the course of cycling. 

This may indicate a high degree of dynamic changes in the SEI 
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structure or a significant influence of current and temperature 

on capacitive and diffusive mechanisms. As with impedance 

magnitude, elevated temperatures and discharge currents clearly 

have a detrimental effect, accelerating changes in phase-related 

parameters. 

Fig. 4 shows changes in the imaginary part of the 

impedance, Imag{Z}, for three types of lithium-ion cells at 100 

Hz as a function of the number of discharge cycles. Both the 

minimum and maximum values of Imag{Z} recorded during 

each discharge cycle are shown. The Imag{Z} values are 

negative, indicating a capacity-dominated behavior of the cell's 

response at this frequency. For all cells, a gradual decrease in 

Imag{Zmin} is observed as the number of cycles increases, 

which may reflect a deterioration in the charge storage capacity 

at the electrode-electrolyte interface (e.g., a reduction in double-

layer capacitance or modifications to the SEI layer). 

An analogous and clear increase in Real{Z} with the 

number of cycles is observed, confirming the ongoing 

degradation processes affecting both electronic and ionic 

conductivity within the cell structure. The difference between 

Real{Zmin} and Real{Zmax} also grows over time, which can be 

interpreted as a manifestation of deteriorating structural 

homogeneity or an increased impact of localized transport 

limitations in the electrode material. The conclusions drawn 

from the changes in Real{Z} align with the analysis of |Z| and 

reinforce the proposition that the real part of impedance can 

serve as a diagnostic indicator of the cell’s state of health under 

real operating conditions. 

 

 
Fig. 6. Projection of complex impedance Z = Real{Z} + j∙Imag{Z} at 100 

Hz, showing the maximum and minimum values recorded during discharge for 

each cell type for each case (Nyquist-like plot). 

Fig. 6 shows the distribution of data points representing the 

real (Real{Z}) and imaginary (Imag{Z}) components of 

impedance for the three lithium-ion cells tested, shown in two 

variants: corresponding to Zmin (marked with circles) and Zmax 

(marked with crosses). All measurements were made at a 

constant frequency of 100 Hz. 

The points associated with Zmax form an almost horizontal 

line, which is consistent with the previously observed almost 

constant values of Imag{Zmax}. At the same time, the values of 

Real{Zmax} systematically increase with the number of cycles, 

reflecting the progressive increase in the cell's internal 

resistance. For the Zmin points, a slight curvature of the graph is 

observed, indicating a certain degree of variation of Imag{Zmin} 

depending on the number of cycles and operating conditions. 

This characteristic clearly shifts to the right, toward higher 

values of Real{Z}, which can be interpreted as a consequence 

of degradation of the electrode material and increasing charge 

transport resistance. Although this type of projection is based on 

a single frequency, it provides a convenient way to visualize 

changes in the state of the cells and allows tracking their 

position in “impedance space” during operation. 

The analysis showed that the impedance of lithium-ion cells 

undergoes systematic changes during operation, which can be 

clearly correlated with an increase in the number of charge and 

discharge cycles. Both the minimum and maximum values of 

the impedance modulus increase as the cell ages, with the fastest 

increase observed under conditions of increased temperature 

(50°C) and higher discharge current (0.5C). This increase in |Z| 

can be interpreted as the result of thickening of the SEI layer, 

microcracks in the electrode material structure or changes in the 

electrolyte composition. 

In parallel with the increase in the impedance modulus, a 

gradual decrease in the absolute value of the phase angle ∠Z was 

observed, indicating a loss of capacitive properties in the 

electrochemical system. This is typical of the progressive 

degradation of the double layer and weakening of the 

intercalation reaction. The imaginary part of the impedance 

(Imag{Z}) changed more slowly, maintaining small negative 

values - suggesting that the resistive component remains 

dominant at the 100 Hz frequency point. Analysis of Real{Z} 

confirmed that the impedance modulus at 100 Hz can serve as a 

good approximation of the actual resistance, since the imaginary 

part is usually two orders of magnitude smaller. Therefore, the 

measurement of |Z| at a single frequency can be used as a quick 

method to assess the health of a cell. 

Additional insight was provided by an analysis of the 

scatter of complex impedance points in the plane of Real{Z} - 

Imag{Z}, where a characteristic shift of the points to the right 

was observed as the number of cycles increased (i.e., the 

resistance increased). The Zmax points formed an almost 

horizontal line, while the Zmin points followed a slightly curved 

trajectory, which may reflect differences in the cell's behavior 

depending on the specific operating point in the discharge cycle. 

The results confirm the usefulness of impedance 

measurements at a single selected frequency (here: 100 Hz) as a 

diagnostic tool for assessing the cell's aging and comparing its 

characteristics under different thermal and current conditions. In 

future research, it would be worthwhile to extend this method in 

the direction of modeling changes in impedance parameters 

with simple indicators that could be implemented in real-time 

(on-line) in battery management systems (BMS). 

IV. DISCUSSION 

The impedance measurements obtained for lithium-ion 

cells at a frequency of 100 Hz confirm previous literature 

findings regarding the influence of operating conditions on the 

electrochemical parameters of batteries [1, 3, 6, 14]. Both the 

impedance modulus and its real and phase components show a 

clear dependence on the number of charge/discharge cycles, 

ambient temperature, and current level. This indicates that 

impedance measured even at a single, fixed frequency can serve 

as a useful indicator of the technical condition of a cell. 

Observations suggest that the most significant factor 

affecting the increase in impedance is the number of cycles, 

which is consistent with in-situ studies reported in [1] and [2], 
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among others. The increase in impedance can be attributed to 

the progressive degradation of the electrode structure, an 

increase in the resistance of the SEI layer, reduced ion mobility 

and micro-damage in the active material. The gradual decrease 

in phase angle (∠Z) over time simultaneously indicates a 

weakening of capacitive effects - potentially due to loss of active 

surface integrity or changes in electrode porosity and 

morphology. 

The nearly linear relationship observed between the actual 

resistance Real{Z} and the number of cycles under specific 

conditions of temperature and discharge current, along with its 

strong correlation with |Z| at 100 Hz, suggests the potential of a 

simplified diagnostic model. Instead of analyzing the full 

impedance spectrum, such a model could be based on selected 

measurement points (e.g., |Z| and ∠Z at 100 Hz), significantly 

reducing cost and hardware requirements for practical 

applications. 

From a practical point of view, these findings are valuable 

for battery management systems (BMS), especially in 

applications with stable or repeatable operating conditions (e.g., 

industrial equipment, emergency power systems). Continuous 

impedance monitoring at a constant frequency can provide a 

basis for predictive assessment of a cell's state of health (SoH) 

and even estimation of remaining useful life (RUL). 

While Electrochemical Impedance Spectroscopy (EIS) 

provides the most comprehensive view of cell behavior, its 

implementation in practical electronic systems remains 

challenging due to hardware and time requirements. In contrast, 

the single-frequency method evaluated in this work offers a 

simplified yet sufficiently accurate diagnostic tool. Table I 

compares the two approaches, highlighting the trade-off 

between diagnostic detail and practical applicability. 

 
TABLE I 

COMPARISON OF FULL-SPECTRUM EIS AND SINGLE-FREQUENCY APPROACH 

Feature Full-spectrum EIS Single-frequency (e.g. 100 Hz) 

Hardware complexity High (potentiostat, FRA) Low (µC + simple circuitry) 

Measurement time Long (minutes) Short (seconds) 

Information content Detailed electrochemical model Simplified diagnostic indicators 

Cost High Low 

Suitability for BMS Limited High 

Suitability for telecom/IoT Low High 

As shown in Table I, the proposed single-frequency 

measurement at 100 Hz significantly reduces hardware 

complexity and measurement time, while still providing robust 

indicators of cell degradation. This makes it well suited for 

integration into microcontroller-based diagnostic modules, 

BMS architectures, and telecommunication power systems, 

where cost, reliability, and compactness are critical. 

It should be noted, however, that limiting the analysis to a 

single frequency carries some limitations - measurements at 100 

Hz do not allow resolution of all elements in the equivalent 

circuit, such as diffusion components (Warburg elements) or 

distributed time constants (CPE - Constant Phase Elements), 

which dominate at lower frequencies [10, 12]. Nevertheless, in 

many engineering applications, this simplified approach may be 

sufficient, especially where detection of general trends is more 

important than precise analysis of the physicochemical 

mechanism. 

Additionally, the variability of ∠Z and Imag{Z} for Zmin 

can potentially serve as an indicator of changes in the discharge 

process dynamics – as suggested by the slight curvature 

observed in the complex plane trajectories. This opens up the 

possibility for new methods of classifying cell condition not 

only based on impedance magnitude but also on its intra-cycle 

variability. 

A comparison with previous studies confirms both 

consistency and novelty of the obtained results. Literature 

reports often indicate that impedance growth with cycling is 

strongly related to SEI thickening, electrode cracking, and 

electrolyte decomposition [1, 6, 12]. However, most of these 

studies focus on full EIS spectra and use laboratory-grade 

potentiostats, which limits their transferability to engineering  

 

practice. In contrast, the present work demonstrates that single-

frequency monitoring, restricted to 100 Hz, is sufficient to 

capture the same degradation trends. This simplification is in 

line with recent findings presented in [5, 7, 13], but the scope of 

this study – covering three cell types, three temperature levels, 

and three current conditions – provides a broader validation 

framework compared to earlier works, which usually investigate 

a single cell chemistry or a narrow operational range. 

From a practical perspective, the results are highly relevant 

to electronic applications, particularly battery management 

systems (BMS) used in embedded devices, telecommunication 

power supplies, and backup units. Continuous monitoring at a 

fixed frequency can be implemented with compact hardware 

consisting of a microcontroller, a signal generator, and a simple 

measurement circuit, avoiding the need for costly frequency-

response analyzers. For telecommunication infrastructure, 

where batteries are often deployed in remote or unattended 

locations, such an approach offers significant benefits: low 

maintenance cost, early detection of degradation, and the 

possibility of predictive replacement scheduling. 

Moreover, the ability to characterize cells with minimal 

hardware resources makes the method suitable for Internet-of-

Things (IoT) platforms, where compactness and energy 

efficiency are critical. Single-frequency impedance 

measurements could be periodically performed during idle 

states of the device, allowing condition monitoring without 

disturbing normal operation. The proposed diagnostic approach 

therefore bridges the gap between advanced electrochemical 

characterization and practical electronic implementation, 

supporting the development of next-generation BMS 

architectures. 
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V. CONCLUSIONS 

This study confirmed that the impedance of lithium-ion 

18650 cells undergoes systematic changes during cycling, with 

strong correlations to temperature, discharge current, and the 

number of charge–discharge cycles. A clear increase in 

impedance was observed under elevated stress conditions, 

demonstrating that degradation can be reliably tracked using 

simplified impedance analysis. 

The results show that impedance at a single frequency (100 

Hz) provides a robust approximation of cell resistance and 

correlates well with overall degradation trends. This makes it a 

practical diagnostic parameter that can be measured with 

relatively simple electronic circuitry, without the need for full-

spectrum impedance spectroscopy. 

From the perspective of electronic and telecommunication 

applications, the findings highlight the potential of 

implementing low-cost, single-frequency impedance 

monitoring in battery management systems (BMS), backup 

power units, and embedded monitoring platforms. Such an 

approach enables real-time assessment of state of health (SoH) 

and supports predictive maintenance, improving reliability and 

extending the operational lifespan of electronic systems relying 

on Li-ion batteries. 

Future work should focus on developing compact electronic 

modules for impedance monitoring, exploring their integration 

with microcontroller-based BMS and communication 

interfaces, and validating performance under real-world 

telecommunication and power electronics scenarios. 
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