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Along with the growing share of renewable energy sources in electricity, the 
demand for electricity storage devices is also growing [1–2]. Their reliable and 
long-term service is inextricably linked with the technical conditions of their 
charging and discharging. Problems with charging and discharging affect elec-
tricity storage devices differently depending on the developed material, as well as 
lead to electricity losses and a decrease in energy efficiency. 

 
The development of a new mathematical model for reducing the efficiency of 

battery systems and energy losses is a very important task [3; 4]. This model helps 
to determine optimal control strategies, taking into account the processes of en-
ergy storage, transmission, and loss in various operating modes of the accumula-
tor [5; 6]. 

1. Increasing energy efficiency during battery charging/discharging processes. 
2. Minimizing energy losses. 
3. Extending the battery life and optimizing its operating parameters. 
Based on the energy balance equation, we can write: 
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where Δt – time interval, s; Qmax – maximum battery capacity, Wh; SOC(t) – ac-
cumulator charging state at a given time (state of charge) 0 ( ) 1SOC t≤ ≤ ; Pin(t) – 
input power of the accumulator at a given time, W; Pout(t) – accumulator power 
at a given time,W; ηcharge – charging efficiency; ηdischarge – discharge efficiency; 
Rint – internal resistance of the battery; T – battery operating temperature. 

Energy losses occur in 2 ways: 
1. Energy lost in the form of heat through internal resistance 
 

2( ) ( )loss intP t I t R= , 
 

where I(t) – current flowing through the battery, A. 
2. Efficiency losses in charging/discharging processes 
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1( ) ( )(1 ) ( ) 1 .efficiencyloss in charge out
discharge

P t P t P t
 

= − η + −  η 
 

 
Total energy losses: 
 

( ) ( ) ( ).total loss loss efficiencylossP t P t P t= +  
 
To maximize battery efficiency and minimize energy losses, we will solve the 

following optimization problem: 
 

0

min ( )d .
ft

total loss
t

P t t∫  

 
Boundary conditions: 
1. 

min max( )SOC SOC t SOC≤ ≤ – charging limits. 
2. 0,  ( ) 0 in outP P t≥ ≥ – positive powers. 
3. 

0( ) ,  ( )initial f finalSOC t SOC SOC t SOC= =  – initial and final charge states. 
Temperature impact 
 

0( ) (1 )charge charge temp optT k T Tη = η ⋅ − − , 

 
where Topt –optimal temperature; ktemp – temperature coefficient. 

The mathematical model described above was developed to enhance the effi-
ciency of battery systems and reduce energy losses. The developed mathematical 
model enables accurate calculation of efficiency and losses, takes into account 
crucial factors such as temperature and internal resistance, and aids in determining 
optimal control strategies. 
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В статье рассматриваются вопросы математического моделирования 

вторичных источников питания для тягового электропривода постоянного 
тока. Разработана математическая модель, учитывающая особенности ра-
боты преобразовательных устройств, режимов зарядки накопителей энергии 
и характеристик нагрузки электропривода. Проведено моделирование пере-
ходных процессов при различных режимах функционирования системы с ис-
пользованием современных методов численного анализа. Особое внимание уде-
лено влиянию параметров вторичных источников на устойчивость и энерге-
тическую эффективность тягового электропривода. Результаты 
моделирования могут быть использованы для оптимизации схемных решений 
и алгоритмов управления в системах электротранспорта. Представленные 
выводы подтверждают перспективность применения разработанных моде-
лей для повышения надежности и эффективности вторичных источников пи-
тания в тяговых установках. 

 
Разработана методика моделирования и исследованы электромагнитные 

процессы во вторичном источнике питания электропривода постоянного 
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