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Abstract. The article presents the results of 

mathematical modeling of the energy-dynamic processes 
of a wind farm which includes a battery energy storage 
system (BESS). The dependence between load capacity 
and energy generation capabilities of the active set of a 
wind power plant taking into account the energy capacity 
of BESS has been determined. A mathematical model of 
the BESS has been developed. The elaborated model is 
compared with two other models: a black box module 
and a model based on equivalent circuit model. The 
application of the developed model provides an 
opportunity to optimize the energy capacity of BESS for 
the specified parameters and modes of operation of the 
wind power plant. Using the obtained results expands the 
possibilities of the adequate management of energy-
dynamic modes of energy systems with renewable energy 
sources, provides mitigation of transition processes in 
conditions of insufficient or excessive wind speeds and 
consumer loads. 

Key words: wind farm, battery energy capacity, 
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1. Introduction 
Over the last decades, traditional energy sources have 

been gradually replaced with renewable ones [1]. 
Therefore, wind energy is one of the actively developing 
areas. However, despite the large number of positive 
effects, wind energy has also a range of drawbacks. First 
of all, the instability of energy potential should be 
mentioned, which causes a lack of guarantees of obtaining 
the required amount of electricity, creates additional 
problems in the management of electric power systems at 
both micro and macro levels [2, 3]. In order to ensure the 
stability of energy modes and increase the efficiency of 
wind power plants (WPP), a battery energy storage 
system (BESS) is introduced into the wind farm (WF), 
which can lead to the elimination of transient energy 
processes in the cases of insufficient or excessive wind 
speed [3]. 

The BESS is a complex component, whose main 
elements are a set of batteries, mode control unit and 

inverters. The battery is a physicochemical object with 
many nonlinear parameters, technical and organizational 
limitations, therefore, modeling of charge-discharge 
processes is a difficult task. There are several different 
ways of modeling the BESS. Generally, they can be 
divided into three main categories [4]:  

· Energo-dynamic electrochemical models deal with 
the reactions occurring in each cell. They have extremely 
high accuracy but require a large amount of computations. 

· Equivalent circuit models (ECM) have worse 
accuracy but require fewer computations than electrochemical 
models. They represent the battery as an electric circuit 
with a voltage source or a capacitor and a series of 
impedances. These models are widely used as battery 
control systems.   

· Empirical models have already shown a reduction 
in computations and an acceptable accuracy in predicting 
battery behavior. 

Due to the complexity of BESS modeling, the authors 
sometimes use the “black box” method [3]. In this case, 
there is no limit of the amount of energy that the BESS 
can charge-discharge, its charge-discharge rate, etc. the 
BESS is characterized only by the current and maximum 
capacity. The lack of limitations caused by physicochemical 
characteristics, as well as other features of energy-dynamic 
processes, causes insufficiently adequate description of 
the system element of the integrated electric power 
generation. It reduces the quality and limits the scope of 
scientific and practical results. 

Some results of the study on the effects of the use of 
the BESS in the wind farm are described in [5, 6], but for 
a different purpose. They are focused on economic 
parameters, namely, increasing the profit that can be 
obtained using the BESS in the WF. 

In addition, the significant part of the developed 
models is not universal, they can be used to modeling the 
BESS of a specific configuration [6–9]. Also, the disadvantage 
of the such models is the use of a large number of 
parameters of electrochemical processes. For example, to 
use the model represented in [6], it is necessary to have a 
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dependence between voltage and SOC (State of Charge), 
the internal resistance of the battery, and others. In 
practice, the required dependence is extremely 
difficult to determine, which greatly complicates the 
use of the described model. The model presented in 
article [7] is based on a specific BESS configuration, 
which complicates its use for modeling BESS with 
different structure.  

Also, authors very often focus on the control strategy. 
In this case, BESS models do not take into account (or 
partly take into account) physicochemical features such  
as self-discharge, specificity of charge-discharge etc. In 
article [10], the efficiency of charge-discharge is constant 
and equals 1. Also, there is no limit for maximum charge-
discharge. The same problem is presented in [11, 12]. 

Thus, the improvement of BESS model and the 
development of a universal mathematical model of 
energy-dynamic processes of the WF with the embedded 
BESS is an actual scientific task. This model will allow 
analyzing the energy-dynamic modes of the operation of 
WF with BESS of different structure, as well as 
investigating the dependence between load capacity and 
energy generation capabilities of the active wind farm, 
taking into account the BESS energy capacity. 

2. Tasks 
After analyzing the given well-known research results, 

it is advisable to formulate the main task to be solved in 
the article. It is the development of a mathematical model 
of BESS as an element of a complex energy supply system 
with renewable sources. It is necessary to take  
into account the dynamics of energy-dynamic and 
electrochemical processes. A correct solution to this task 
will provide an opportunity to formulate and develop the 
following important application of renewable energy 
sources from the point of view of efficiency increase. 
Moreover, it will facilitate their parallel work with a 
power distribution network: 

– to substantiate the required capacity of BESS for a 
certain structure of the WF and modes of the operation of 
the distribution network; 

– to improve the methods and means of an informational 
and analytical system for supporting decision-making on 
energy-dynamic modes of operation of renewable energy 
sources with BESS. 

3. The model of BESS 
The main problem of developing a mathematical 

model of BESS is the large number of nonlinear 
dependencies that need to be described.  

One of these dependencies considers the efficiency of 
BESS charge-discharge, and the difficulty consists in 
depending the efficiency on the current energy capacity of 

the BESS, battery temperature, load and other factors 
[13]. Therefore, to simplify the BESS model, we can 
assume that the charge-discharge efficiency does not 
depend on the charge current and battery charge level [14] 
and is defined as:      =     =       ,                      (1) 

where       is the efficiency of a battery. The 
efficiency of modern batteries is 85–95 % depending 
on their type [15]. 

One of the features of the battery is its  self-discharge 
( ). For lithium batteries, the self-discharge is 1–
2.5 %/year, for lithium-ion 6–10 %/year, for nickel-metal 
hydride and lead-acid – 1–2 %/day [16]. Since the self-
discharge for lithium and lithium-ion batteries is only a 
few percent per year, it can be neglected [17]. 

A method of battery charging also impose significant 
limitations. The most popular battery charging method  
is a constant current charging method (CC/CV). The 
method consists in dividing the battery charging process 
into two stages. At the first stage, the battery is charged 
with a constant current (CC). The magnitude of the charge 
current is the maximum allowable charge-discharge 
current (    ). This value can be found in the technical 
passport. The maximum charge and discharge current is 
usually in the range of 0.2C to 2C [15, 16], where C is a 
battery capacity. That is, charging the battery for a full 
charge with the       current of 0.2C takes 5 hours and 
with 2C current value it takes 30 minutes. 

 
Fig. 1. Schematic representation of the CC/CV method 
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When the voltage at the battery terminals reaches a 
certain threshold value (Uthre), charging continues in the 
constant voltage mode (CV). The value of Uthre is a 
constant and usually corresponds to a battery charge of 
60–80 % [17, 18]. In this case, the current decreases 
exponentially with time [17]. This process is described by 
the following dependence:  ( ) =     ∗     −  −        ,              (2) 

 = С         −      .                             (3) 

where t is current instant time,      is maximum 
allowable charge-discharge current,       is the time of 
the transition to the constant voltage mode, С      is the 
rated battery capacity.  

Charging ends when the voltage at the battery 
terminals is 97–99 % of the nominal level, or does not 
change over a period of time [18, 19]. The battery charge 
in CC/CV mode is graphically shown in Fig. 1. 

Taking into account the above results, the amount of 
energy (Pmax dis) that the battery can deliver per unit time, 
cannot be more than:         =                ,                   (4) 

where Ubatt is voltage on the battery. To simplify the 
models, let us assume that the voltage on the battery does 
not depend on the operating mode and is always equal to 
the rated voltage (Uaccum) [14]. Then, taking into account 
that Imax = tn - 1C, :          =     С     =          ,        (5) 

where       is battery energy. Then,         ==                . The constraint imposed by the CC/CV 
charge method can be introduced as:          =                 ,  ( ) ≤                     , ( ) >         (6) 

 =     −  −                                  (7) 

where C(t) is a current capacity of the battery, Cthreshold 
is the capacity at which there is a transition to the mode 
of charge with a constant voltage, corresponds to 60–
80 % of the rated capacity of the battery. Substituting 
equation (5) into (7), we obtain:         =                , ( ) ≤                     , ( ) >          (8) 

For the case when C(t)> Cthre, C(t) can be introduced 
as follows:  ( ) =      +          −  −          ,              (9) 

 ( ) =      +           1 −     −  −         .  (10) 

Let us substitute equation (7) in (10) and obtain:  ( ) =      +          (1 −  ),            (11)  = 1 −  ( ) −               .                          (12) 

In order to compare the efficiency of the above model 
and the method of “black box” described in [3], the 
following computer simulation of energy-dynamic modes 
of WF operation with embedded BESS was carried out. 

Experimental conditions and the structure of WF is 
described in [3, 20]. The considered input parameters of 
the model are wind speed, load to be provided, technical 
parameters of BESS and the number of WT and their 
parameters, such as the number of ons and offs, the 
amount of energy produced, operation time and others. 
Using the modified method of dynamic programming 
helps us to find the active set of WPP. This method allows 
minimizing the deviation of the total capacity of WF from 
the consumers’ load and at the same time maximizing 
the WF efficiency. The efficiency of the WF active 
components is determined at each stage of the study and 
depends on the input parameters. A modification of  
the dynamic programming method and methods for 
determining the efficiency of the active components of the 
WF are described in [21]. 

4. Results 
In order to more thoroughly study the effect of BESS 

on the behaviour of energy-dynamic processes, further 
studies are conducted for the certain variant of an 
autonomous WF. On the basis of the model the software 
in the Java programming language was created which was 
used for modeling energy-dynamic processes. With a 
certain active composition of the WF for each of the 
models of BESS, a computer simulation of the operating 
modes of the WF during 50 hours was conducted, with the 
capacity of BESS from 0 MWh to 11 MWh with a step of 
1 MWh, with ηbattery of 95 %. All values of energy capacity 
of BESS are given in off-system units of MWh.  

The computer simulation of operation modes of the 
WF consisting of 40 WTs model V52/850 was carried out 
[22]. The simulation took place with the use of the same 
equipment: Intel Core i7-770HQ 2.8 GHz, 16 GB RAM, 
SSD 860 EVO 500 GB. The average consumers’ load is 
at the level of 10 MW.  
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The computer simulation was done for three models: 
black box model, developed model, verification model.  
As the verification model, the BESS model described in 
[5, 23, 24] was used. On the basis of the information 
presented in [15, 16], it can be stated that the maximum 
current in the verification model is limited to 0.2C. 

 
Fig. 2. The dependence between the capacity  

of BESS and the average power deviation. 

On the basis of the obtained statistical data, the 
relationship between the capacity of BESS and the 
average power deviation (the difference between the load 
capacity and the ability to generate energy by the active 
components of the WF) is established. It is shown in Fig. 2. 
The dependence between the BESS capacity and the 
variance of the average power deviation is given in Fig. 3. 

 
Fig. 3. The dependence between the capacity  

of BESS and the variance of the average power deviation. 

With the use of only the developed model, the simulation 
of WF operation for different load values was conducted. 
The simulation results are presented in Fig. 4 and Fig. 5. 

 
Fig. 4. The dependence between the capacity of BESS  

and the average power deviation for different load values. 

The dependence of the average power deviation 
variance and the average power deviation from the 
consumers’ load for the case when BESS is absent was 
approximated. The least squares method and linear 
regression were used to approximate the variance of the 
average power deviation.  

  
Fig. 5. The dependence between the capacity  

of BESS and the variance of the average power deviation  
for different load values. 
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Fig. 6. The dependence between the normalized capacity  

of BESS and the normalized average power deviation. 

The approximation function has the form  
y = 0.0038x3−0.0859x2 + 0.9563x − 2.5691, the 
correlation coefficient in this case is 0.9986, and for 
the average power deviation y = 0.1019x + 0.006, the 
correlation coefficient is equal to 0.9994. These functions 
allow us to estimate the level of variance of the average 
power deviation and the average power deviation for the 
given value of the load of consumers. But this function is 
relevant only when the maximum capacity of the WF 
significantly exceeds the load of consumers. In this case, 
there is no situation when the WF is not able to meet the 
load at low wind speed. 

The dependence between the capacity of BESS  
and the average power deviation, shown in Fig. 4, can 
be represented in a slightly different form. For his 
purpose, we normalize the values along the y-axis and 
the x-axis dividing these values by the load. The results 
are presented in Fig. 6. The resulting curve can be 
approximated by the function y = 0.1099 ∙ 0.218x, 
where y is the average power deviation of the wind 
farm divided by the rated power of WF, and x is the 
energy capacity of the battery divided by the rated 
power of WF. 

For this purpose, we normalize the values along  
the y-axis dividing these values by the load value  
and along the x-axis dividing by the square of the load. 
The results are presented in Fig. 7. The resulting  
curve can be approximated by the function 
y = 26.9169 ∙ 0.1602x. 

 
Fig. 7. The dependence between the normalized capacity  

of BESS and the normalized variance  
of the average power deviation. 

Considering the data presented in Fig. 6 and Fig. 7, 
we can conclude that the found dependence does not 
depend on the WF load. However, its type largely depends 
on the characteristics of the wind energy potential. That 
is, if the location of the WF is characterized by a rapid 
change in wind speed, the average power deviation per 
unit load will increase and vice versa. The example of 
calculating the normalized average power deviation for a WF 
located in the Lviv region is presented in Fig. 8 and Fig. 9. 

 
Fig. 8. The dependence between the normalized capacity  

of BESS and the normalized average power deviation. 
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Fig. 9. The dependence between the normalized capacity  

of BESS and the normalized variance  
of the average power deviation. 

5. Conclusion 
The mathematical model of BESS has been designed. 

The relevance of the study of the energo-dynamical 
modes increases with the increase in the share of energy 
from renewable sources in energy balances. The 
application of the obtained results provides an opportunity 
to explore the parameters of the modes of operation of 
integrated power supply systems. 

Performed computer experiments using the developed 
model provided an opportunity to establish the dependences 
between energy capacity of BESS and average power 
deviation of the WF power from the one set by an 
operator. The conclusion is substantiated by the analysis 
of the obtained data: the usage of the “black box” model 
does not take into account the physicochemical features 
of the charge-discharge processes of BESS and inadequately 
reflects such parameters as average power deviation and 
variance of the mean power deviation. The average power 
deviation for BESS capacity of 4 MWh is underestimated 
by more than twice compared to the average power 
deviation being calculated using the developed model. 

Comparing the developed model and the model based 
on the equivalent circuit model, it is possible to draw a 
conclusion that the developed model of BESS almost does 
not concede in accuracy of model which based on 
equivalent circuit model. The difference between the 
average power deviations increases with increasing 
capacity, but does not exceed 10 %. In the case where 
there is no detailed technical documentation of BESS, 
the developed model can be used instead of more 
accurate models. 

In addition, an important result is the substantiation 
of the dependence of the average power deviation of 
the generated power on the energy capacity of BESS. 
Normalization of the parameter of this dependence, in a 
wide range of loads, preserves its nonlinear character and 
provides an opportunity to solve unambiguously the tasks 
of choosing the capacity of BESS. Establishing the 
dependence allows determining the optimal value of the 
energy capacity of BESS, taking into account the range 
and dynamics of changes in wind speed.  

For the described conditions of the experiment, the 
dependence is approximated by the following function      
y = 0.1099 ∙ 0.218x, where x is the ratio of BESS 
capacity to the average load. The obtained results provide 
an opportunity to solve the tasks of optimization of the 
WF energy-dynamic modes taking into account the 
dynamics of wind energy potential, the WF energy 
efficiency and a consumers’ load schedule. 

Future works on this model are foreseen. We are 
going to focus on the development of the model 
controller. The development of control strategies for the 
operation of BESS in the hybrid power plant is also being 
planned. 
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МОДЕЛЮВАННЯ 
ЕНЕРГОДИНАМІЧНИХ РЕЖИМІВ 
ВІТРОВОЇ ЕЛЕКТРИЧНОЇ СТАНЦІЇ  
ЗА НАЯВНОСТІ АКУМУЛЮЮЧОГО 

ЕЛЕМЕНТА 

Микола Медиковський, Роман Мельник 

В статті подано результати математичного моделю-
вання енергодинамічних процесів вітрової електричної 
станції до складу якої входить акумулюючий елемент, 
встановлено залежність між потужністю навантаження та 
можливостями генерації енергії активним складом вітрової 
електричної станції з урахуванням енергетичної ємності 
акумулюючого елемента. Розроблено  математичну модель 
акумулюючого елемента. Розроблену модель порівняно з 
двома іншими моделями: моделлю чорної скриньки; 
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 моделлю на основі еквівалентної схеми.  Застосування роз-
робленої моделі забезпечує можливість оптимізувати енерге-
тичну ємність акумуляторного елемента для заданих пара-
метрів і режимів роботи вітрової електричної станції. Вико-
ристання отриманих результатів розширює можливості 
адекватного управління енергодинамічними режимами 
енергетичних систем за наявності поновлювальних джерел 
енергії, забезпечує пом'якшення перехідних процесів в 
умовах недостатніх або надлишкових швидкості вітру та 
навантажень споживачів. 
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