
 

 
251 

Uzbekistan / E.K. Korovyakovsky, M.B. Saburov, Sh.H. Sultonov // Izvestia PGUPS - 2021. No. 
1 (18). – P. 132-142s. 

10. Saburov M.B. Ways to increase the efficiency of logistics support for the activities of 
the international transport system “Agroexpress” based on single-criteria optimization tools / E.K. 
Korovyakovsky, M.B. Saburov // Izvestia PGUPS - 2022. No. 2 (19). – P. 276-286s. 

11. Esipov B.A. Operations research methods / B.A. Esipov // Lan St. Petersburg – 2013. 
304 p. 

12. Official statistics of the Russian Railways (RZD). – URL: 
https://rzdtv.ru/2023/03/31/rzhd-dogovorilis-o-skidkah-na-mtk-sever-jug/ (date accessed 
04/01/2023). 

13. Dilmurod Butunov, Shuhrat Buriyev, Sardor Abdukodirov, Mafiratxon 
Tuxtaxodjayeva and Muslima Akhmedova. Modeling violations of the plan for the formation of 
freight trains for the effective organization of the transportation process. E3S Web of Conferences 
389, 05026 (2023). 1-10. DOI: https://doi.org/10.1051/e3sconf/202338905026 

14. Dilmurod Butunov, Shuhrat Buriyev, Sardor Abdukodirov and Islomjon 
Abdumalikov. Improvement of the methodology for determining unproductive loss of time in the 
disbandment system. E3S Web of Conferences 402, 03017 (2023). 1-12. DOI: 
https://doi.org/10.1051/e3sconf/202340203017 

15. M. Saburov, D. Butunov, S. Khudayberganov and M. Akhmedovа. Optimization of 
operator companies on Uzbekistan railways. AIP Conference Proceedings 2612, 060008 (2023). 
060008-1-060008-9. DOI: https://doi.org/10.1063/5.0131055 

16. Mardonbek Saburov, Dilmurod Butunov, Sokijon Khudayberganov, Sunnatillo 
Boltaev, Muslima Akhmedova, Mukhamedjan Musaev. Determination of the optimal requirement 
of the number of freight wagons. AIP Conference Proceedings 2432, 030091 (2022). 030091-1- 
030091-5. DOI: https://doi.org/10.1063/5.0090343 

 
 

EXPERIMENTAL INVESTIGATION OF CHARACTERISTICS OF 
LITHIUM-ION BATTERY FOR TRACTION ROLLING STOCK 

P.V.  Borisov, A.A. Vorobyov, E.V. Konstantinova 
Federal State Autonomous Educational Institution of Higher Education “Emperor Alexander I St. 

Petersburg State Transport University, St. Petersburg, Russian Federation 
 
bstract. The work describes an experimental study aimed at determining the parameters of the 
equivalent circuit of a lithium-ion battery. As a result of this study, a mathematical model has been 
developed and its adequacy has been confirmed. The practical significance of the conducted 
experimental research lies in the ability to refine the algorithm for calculating battery parameters 
to form a functional diagnostic algorithm for lithium-ion traction battery packs in rolling stock. 
Keywords: lithium-ion battery, functional diagnostics, battery life, equivalent circuit, internal 
resistance of the battery 
JEL Classification R01 
Introductoin 
One of the directions in the development of traction rolling stock (TRS) of the new generation is 
the emergence of hybrid and autonomous rolling stock, where the main source of energy is a 
traction energy storage system consisting of lithium-ion batteries (LIB). The development of this 
TRS direction in the future should lead to a reduction in the carbon footprint of the railway 
industry. [1] Examples of such TRS include wireless trams with inductive charging of traction 
battery packs [2], hybrid shunting locomotives TEM9N [3] and TEM5H [4], contact-accumulator 
shunting electric locomotive EMKA2 [1], as well as a modified rail bus V-train equipped with 
hydrogen fuel cells and a battery storage system [1], etc. 
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The lithium-ion battery has a limited service life (500-25000 cycles depending on the type of LIB 
and the nature of their operation), so it is important to have an understanding of the remaining 
number of cycles that need to be completed before replacing the LIB. Battery diagnostics provide 
the ability to monitor the current state of the battery, including the reduction in residual life. [5] 
This allows forecasting the remaining number of cycles, enabling the use of the energy storage 
system if its characteristics meet operational values. 
However, the same battery condition, taken as the initial state, may correspond to several different 
equivalent circuit models of different structures [6]. 
There is a relationship [7] known between the change in the structure of the layers of the battery 
and its internal resistance Z. In the literature [8, 9], a model of the equivalent circuit of the LIB is 
encountered. The two-pole equivalent circuit of the battery, by isolating the simplest elemental 
components, will take the form of a T-shaped replacement circuit, as shown in Figure 1. 
In the equivalent circuit of the LIB presented in Figure 1: 

− the resistance R0  represents the resistance of the electrodes; 
− the two-pole networ R1C1, RnCn, representing the interelectrode space filled with 

electrolyte, with capacitance C1, Cn, and resistance R1, Rn, which during operation manifests as 
heat generated by the LIB; 

− The electromotive force (EMF) of the LIB E is the potential difference between the 
electrodes. 

 
Figure 1. G-shaped equivalent circuit of LIB 

To conduct an experimental study to determine the parameters of the equivalent replacement 
scheme of the battery as a two-pole network, research was carried out on a lithium-iron phosphate 
battery produced by CATL with a capacity of 92Ah, serial number 03A6W0330374. 
Prior to the battery cell research, a full charge of the battery was performed (according to GOST 
R IEC 62620-2016 clause 6.2) [10]. 
The experiment took place on the Chroma 17011 Battery Cell Test stand. The Chroma software 
allows implementing the algorithm for controlling the charge/discharge current of the lithium-ion 
battery (LIB) at a specific value and current waveform. These are entered into the algorithm 
depicted in Figure 2. 
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Figure 2. Algorithm of the lithium-ion battery (LIB) investigation recorded in the Chroma 
software environment 
The study includes a series of constant current discharge experiments: 

− without pulsations; 
− with sinusoidal pulsation (1 and 10 Hz); 
− with step-like pulsation (1 and 10 Hz). 

 
Constant current discharge without pulsations 
In the discharge experiment, a ramp-up and holding of the nominal discharge current of the 

tested LIB battery, equal to 92 A, was performed for 20 s. The discharge current and voltage curves 
are presented in Figures 3 and 4. 
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Figure 3. Current waveform I(t) in the experiment with a jump of the nominal 

discharge current with explanatory labels 
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Figure 4. Voltage waveform U(t) in the experiment with the application of the nominal 
discharge current with explanatory labels 
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Based on Figures 3 and 4, the graphs of the U(t) and I(t) LIB measurements can be divided into 
the following segments: 

− From 0 to 10 seconds – voltage across the LIB terminals without load, the so-called 
open-circuit voltage of the LIB; 

− The moment of load connection ΔU0 is expressed in a sharp drop in voltage under the 
influence of the nominal discharge current in ΔI, indicating the presence of an active resistance 
components; 

− From 10 to 20 seconds – a gradual decrease in voltage by the value of ΔU1, the voltage 
drop curve indicates the presence of active and capacitive resistance components. 
The elements of the equivalent circuit (1-3), constituting the replacement circuit of the two-pole 
battery, presented in Figure 1, are calculated based on the results of this experiment. 
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The obtained values are substituted into the LIB model in the form of an equivalent circuit in the 
Multisim environment [11], depicted in Figure 5, which includes: 

− V1 –LIB EMF at the open circuit voltage; 
− R2, R4, C – the impedance (Z) of the LIB, presented in the model as two resistors and 

one capacitor; 
− XBP1 – circuit analyzer recording the Amplitude-Frequency Characteristic(AFC) and 

Phase-Frequency Characteristic(PFC) of the study; 
− XSC1 – oscilloscope recording current parameters (via the current sensor XCP1) and 

Li-ion battery voltage throughout the study; 
− R1 – shunt resistor; 
− S1 – switch. 

As a result of the experiment with a surge of the nominal discharge current and the simulation of 
this process for the equivalent circuit of the LIB, the following voltage waveforms U(t) were 
obtained, as presented in Figure 6. 

 

Figure 5. Equivalent circuit of the Li-ion battery (LIB) with values obtained from the 
experimental study. 

 

Δ𝑈𝑈0 3,34 − 3,275 
𝑅𝑅0  =  Δ𝐼𝐼  = 92 = 0,7 мОм. (1) 

Δ𝑈𝑈1 3,275 − 3,23 
𝑅𝑅1   =  Δ𝐼𝐼  = 92 = 0,5 мОм. 

ency 𝜔𝜔 = 1  =   1   1, где 𝜏𝜏 = 5,5 𝑠𝑠. 
(2) 

 
𝑅𝑅0 + 𝑅𝑅1 (0,7 + 0,5)10−3 

С = 𝜏𝜏 = 5,5 ∗ = 18857 Ф. 
𝑅𝑅0 ∗ 𝑅𝑅1 0,7 ∗ 0,5 ∗ 10−3 

(3) 
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As a result of the experiment with the influence of the nominal discharge current with 

sinusoidal pulsation, the forms of U(t) were obtained with a pulsation frequency of 1 Hz, presented 
in Figure 8, and with a frequency of 10 Hz in Figures 9, respectively. 
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Figure 8. Voltage waveform U(t) under the influence of nominal discharge current with 
sinusoidal pulsation at 1 Hz based on the results of bench testing and modeling of the equivalent 
circuit 
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As a result of the experiment with intermittent pulsating discharge current, voltage 
waveforms U(t) were obtained with a pulsation frequency of 1 Hz, presented in Figure 12, and 
with a frequency of 10 Hz in Figures 13, respectively. 
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Figure 11. Voltage waveform U(t) under the influence of the Li-ion battery's nominal discharge 
current with intermittent pulsation at 1 Hz, based on benchtop testing and replacement circuit 
modeling 
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Figure 12. Voltage waveform U(t) under the influence of the Li-ion battery's nominal 
discharge current with intermittent pulsation at 10 Hz, based on benchtop testing and 
replacement circuit modeling 
The real voltage waveforms (values obtained from the benchtop testing) under sinusoidal 
and intermittent pulsating loads do not match the voltage level obtained from the model 
(lagging by approximately 0.2 V). This discrepancy is attributed to the ideal conditions of 
the model, specifically the absence of recovery (resting period of the Li-ion battery) 
between load steps (the voltage value at the terminals of the actual battery did not have 
time to recover within 1 minute). In the subsequent experiments, the rest time between 
experiments will be increased to ensure that this factor does not affect the experimental 
results. 

 
Conclusion 
The article explored the model of an equivalent replacement scheme for a Li-ion battery 

(Li-ion) and presented a methodology for calculating its component elements. 
The results of this study serve as the basis for developing an algorithm for diagnosing a 

battery with pulse energy converters in traction rolling stock (TRS). By utilizing Li-ion battery test 
diagnostic methods, specifically charge-discharge currents and various pulsations during the 
charge/discharge processes, it is possible to examine the state of the battery. 

Based on the results of this experimental study and using the insights gained, there are 
plans to monitor the parameters of Li-ion batteries under actual operating conditions with pulse 
energy converters. 
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Abstract Competitive analysis requires objectivity and comprehensiveness, necessitating the use 
of mathematical and statistical methods. This research examines the competitive environment of 
the Russian transport sector by conducting a comprehensive analysis of the 21 largest transport 
enterprises in Russia. Utilizing cluster analysis through Ward's method and K-means algorithms, 
the research categorizes the industry into four distinct competitive groups: competitive 
superiority, sustainable competitive position, crisis competitive position, and competitive parity. 
Through this segmentation, the strengths and weaknesses of each group are evaluated, providing 
valuable insights into the industry's landscape. The standout market leader identified is JSC 
"Russian Railways", recognized for its dominant position as the primary railway company in 
Russia. This research contributes to the field through its innovative application of clustering 
algorithms in analyzing the competitive dynamics of Russian transport enterprises. 
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Introduction 
 
In modern conditions, achieving economic success is associated with the constant maintenance of 
a high level of competitiveness. It is necessary to consider the characteristics of the company for 
the correct positioning of its competitive advantages and orientation of its activities to increase its 
competitive potential. 

Presenting its specific advantages and disadvantages enables managers to determine further 
actions for the future development of the enterprise, assess potential competitors, and develop 


