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ABSTRACT 

The possibility of dynamic energy storage such as auxiliary function FACTS regulator offers to control flows of active and 

reactive power in an attachment point to the system. Dynamic control of active and reactive power is running independently from 

each other. Reactive regulation power provides voltage control and network stability with a huge dynamic response. Integration 

possibilities of energy storage in a chemical form into the storages, has a potential to bring significant advantages for the 

transmission operators and distributional networks. Increasing distributed share production, which is based in part on the renewable 

energy sources, leads to the storage need for some needs that offer ancillary services and allow reliable, cost – effective and quality 

electricity supply. In this paper, we present a method which allows to keep the optimal amount of SoC. deal with  SoC level 

balancing (to 50%) by identifying Active Frame (AF), Frame of Charge (FoC), Frame of Discharge (FoD), SoC deflection 
predictions and its balancing with as little DoD cycle change as possible. 
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1. INTRODUCTION 

Power reserve sequence is intended for the situation, 

when we have to deal with sudden, unexpected shortfalls 

in the production or in the electricity transmission and also 

with a sharply increasing load. Primary, secondary and 

tertiary regulation reserve is gradually available in time 

reserve disposition. Primary regulation of active power 

maintains a balance between the production and electricity 

consumption within synchronous area, which is using the 

speed regulation or active power device that provides the 

ancillary services. The activity aim of all interconnected 

power systems is operational safety energy system in a 

synchronous area and it is stabilizing system frequency to 

the equilibrium value after some damage within the time 

of frame seconds, but without the recovery set point 

frequency system and the scheduled exchanges of active 

power. For the year 2013 the contribution of Slovakia was 

under the common transmission network ENTSO-E 

MW29 [1]. Accumulating battery systems should 

absorb or supply the energy according to the same 

demands like a present providers PRV (Primary regulative 

power) in a real time without delaying, which is typical 

for rotating machines. The frequency range of the primary 

regulation active power will be Δf = ± 200 mHz and the 

non – sensitivity zone of the regulator and active power 

device, which provides primary regulation stays at the 

value of η < ± 10 mHz. To compare the lifetime changes, 

we will evaluate the primary regulation model of the non 

– sensitivity zone η < ± 20 mHz [2].  

Battery energy storage systems (BESS) that are 

connected on the secondary side through the transformer 

phase to the distribution network represents an alternative 

to traditional maintenance strategy of an adequate margin 

– call backup for the reduction of frequency fluctuations. 

In response to frequency deviations, the systems for the 

energy accumulating can deliver primary regulation power 

(primary reserve). It means that fixed energy which is 

placed into the several cycles for some time allows to the 

transmission network operators to decreasing or removing 

the purchase need and ancillary services of primary 

regulation which is provided by conventional providers.  

The FACTS systems with an accumulation combine the 

storage of energy in high-voltage lithium-ion battery with 

static reactive power compensator for the compensation 

and for the reactive power and the dynamic voltage 

control. The technology which is called Voltage Source 

Converter (VSC) has an advantage, because it is able to 

change operating point. It means that it can work in four 

quadrants and manage independently active and reactive 

power. STATCOM with an energy accumulation, it is able 

to regulate reactive power like an ordinary SVC, and also 

an active power thanks to batteries which can be used like 

a support of dynamic stability and distribution network by 

the most effective combination of active and reactive 

power [3]. 

2. STORAGE SYSTEM FOR FREQUENCY 

CONTROL 

As we have already known, STATCOM is a static 

synchronous compensator that is used like a reactive 

power regulator. With STATCOM the absorbed reactive 

power can be changed, while in contrast to the SVC 

systems, it does not contain any mechanical switching 

elements and it is able to cope with a much faster changes, 

for example voltage or fast change of reactive power flow.   

The energy accumulation, which can be a STATCOM 

part, is based on the battery chain. The huge energy 

amount is needed and the demanded time of discharging 

and charging is in a range from several minutes to several 

hours [4, 5], the batteries are connected into series for 

getting demanding voltage and then parallel demanded 

power. The picture no.1 illustrates STATCOM systems 

with BESS, which consists of VSC and with serially 
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connected battery rows on one side for achieving higher 

power. Every battery series consist of series – connected 

batteries to achieve the desired voltage level. 

 

If the minimum requirements do we consider arranging 

the batteries and making them able to supply/demand

MW,2 the active power during 15 minutes, then the 

minimum energy capacity of the batteries is 2 MWh. The 

charging level system (SoC) is maintained at the level 

about 50 % of the whole capacity. The energy 

accumulation is designed for the energy capacity 2 MWh 

to ensure sufficient margin for PRV and also to cover the 

capacity losses. Table 1. describe activated regulation 

power of BESS depends on frequency deviation.  

The battery cell has a discharging power 146 W to the 

one cell. For the energy capacity 2 MWh there is needed 

the minimum battery cells at the number 13698 [7]. 

Parallel battery chains provide one way nominal converter 

voltage and the flow, which is needed in a discharging 

time. 13698 installed articles are then divided into two 

orders. In the consideration formats, there is installed 

battery capacity system 2 MWh. 

 

 

If we are aware with the PRV granting condition, the 

maximal power must be able at least for 15 minutes, after 

those it will be activated secondary frequency regulation. 

In transmission network terms, the storage system can 

with the reduced accumulation demand some acts that can 

be repeated pretty often, because the interventions for 

changing power levels avoid imposing too much power on 

one side or another side. The methodology which was 

chosen to maintain the batteries within the limits SoC is 

counting with 50 % reserve, that covers losses of the 

battery capacity and with and regulative algorithm, in 

which each successive 15 minute interval balances SoC at 

the level of 50 %.  

In battery terms, it has a restriction on the degree SoC 

charge two main consequence. At first, every charging 

and discharging cycle will represent bigger percentage 

share of installed energy, which means that the cycle can 

be used even faster. The second thing is that the 

fluctuations in the ratio of the depth and discharge (DoD) 

during charging and discharging can be too high to be 

compatible with long-term battery life. For ordinary Li – 

ion batteries with a graphite negative electrodes, the 

charging and discharging at high values DoD can lead to 

significantly premature aging, which is caused by the 

lithium plating processes [8]. The acceptable power 

during the charging and discharging is the battery type 

function. The next factor is that the BESS systems can be 

lighter in balanced position if they can provide multiple 

values energy at the slightest fluctuations into positive or 

negative DoD. 

3. POWER-FREQUENCY RESPONSE OF THE 

STORAGE SYSTEM 

The picture no.2 illustrates the frequency process (left) 

in a time and the characteristics of primary frequency 

regulation (right). In a time, when the frequency is in a 

non – sensibility process, at the upper border, the battery 

is charging. If the frequency is under the lower limit in a 

non – stability process, the battery is discharging. 

 
 

 

Fig. 2  Operation principle 

While the frequency deviation at nominal frequency 50 

Hz can be positive or negative, the battery accumulation 

SoC should by in a position when it allows discharging at 

any time (f(t) <49,99Hz), and also charging (f(t) >50,01Hz). 

For this reason the normal battery charging level SoC is 

50 %. It is because after the discharging cycle, there may 

appear another discharging cycles and the battery 

accumulation can finish as absolutely discharged. The 

SoC level will achieve the border of SoC min. Similarly 

there can appear some several consecutive cycles and the 

battery accumulation will achieve the level of SoC max. 

It should be noted that the operations in picture no.3 is 

due to the fact that the frequency has not gone the whole 

time through the non – sensitivity zone. These operations 

in the non – sensibility zone represent η < ± 10 mHz 

57,44% the total amount of cycles, in non –sensibility 

zone η < ± 20 mHz 77,28% the total amount of cycles. 

The operations in the non – sensibility zone are not 

counted into the capacity losses. To keep the battery in the 

middle of SoC zone, it demands the independent power 

for charging or discharging, when the frequency in non – 

sensibility zone or when the SoC level is out of tolerance 

level, which is at this case estimated value from 45% to 

55%.As we can see in the picture no.4 , in the analysed 

week there was BESS in most cases in the range, where 

the SoC value exceeded the 55 % value, which is causes 

by the frequency deviations occur predominantly in        

f(t) >50,00Hz.      

If the frequency is in non – sensibility zone, the battery 

power has a value that corresponds with the battery level, 

which is in our model maintained at SoC level of 45-55%. 

 

Regulation power supplied f(t) < 49,99Hz:  

 

 
 

 

Fig. 1  Schematic layout of STATCOM with Energy Storage 
  



38 Analysis of Utilization Battery Energy Storage Systems for Frequency Regulation 

ISSN 1335-8243 (print) © 2014 FEI TUKE ISSN 1338-3957(online), www.aei.tuke.sk 

dttPP
t

)( =

900

1

doddod 


                     (1) 

   
Consumed regulation power f(t) > 50,01Hz:  
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Similarly , when the frequency is in non – sensibility 

zone and if the battery charging level is under the minimal 

value, which is in this case 45 %, the battery is charging 

according to SoC so that in the next 15 minute interval 

will be able to achieve the balance. The plane of the zero 

power in the sketch is continuously rising and decreasing 

and creating a black area in the picture no.3. 

 

 

Fig. 3  Power-frequency characteristic having  

 

Fig. 4  SOC level as a function of time for week 

 

The SoC levels in the picture no. 4 in the analysed 

week lied between 5% and 99% of the battery capacity 

value, thus the deployability condition is made for the 

supply of primary control power. The battery 

accumulation ±2MWh is fine for the frequency regulation 

in simulation area.  

SoC calculation: 
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4. ESTABLISHMENT OF A CONTROL CIRCUIT 

SOC 

Picture no.5 illustrates the imposing regulation SoC, 

where the f is a network frequency and P is the power 

according to the characteristics. 1 and SoC is the charging 

level. 

 
 

Fig. 5  SoC level as a function of time for week, having a 
SoC control loop 

 

To evaluate bigger SoC powers, it is necessary not to 

notice minor capacity fluctuations in the non – sensibility 

zone. The filtration level of course, will influence the 

results. The inclusion of the filtration level in non – 

sensibility zone covers the losses that are connected with 

keeping the system at 50 %. In order to keep the level of 

the SoC operating point, the whole power Pext(t) is 

counted as a sum PAS(t) (ancillary service) and a operating 

point BESS signal PWP(t) (operating point). 

 

)()()( WPASext tPtPtP                          (4) 

 

The resulting power is counted as a SoC difference 

between maximum and minimum, which is achieved in a      

15 minutes interval, which can be later expressed as a 

power  PAS (t) by the capacity unit [MW/MWh]. 

 

5. THE LIFE CYCLE OF LI-ON BATTERY 

 

Batteries degrade predictably when they are submitted 

of controlled repeated charging and discharging cycles. 

Picture no.6 illustrates the life-cycle curve of Li-ion 

battery system, based on the DoD depth discharging for 

every cycle [6,7]. 

 

Fig. 6  Cycle-life curve for the lithium-ion battery system 
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The capacity loss calculation: 

 
14832498  xy   999,02 R                      (5) 

 
R

2
 is the real component of giving depth to the battery 

discharge DoD and y is the number of cycles pertaining to 

the value of DoD. 

 

The capacity losses sum: 
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Calculating the level of battery power: 
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Calculation the end of capacity in days: 
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6. ANALYSIS DURING FREQUENCY CONTROL 

USING BESS 

 

In the analysed week 37/2012 we applied the 

calculation for every day separately, and we compared 

introduction of two non – sensibility zones η < ± 10 mHz; 

η < ± 20 mHz.  Picture no.7 illustrates the hour process of 

analysed frequency. 

 

 

Fig. 7  Hour of analysed frequency 

In the picture no. 9 we can see the frequency process, 

which is divided by algorithm cycles, where the end of the 

cycle is always bounded by the frequency value change, 

caused by rising and falling. Picture no. 8. 

f(t )> 50,01Hz f(t )< f(t +1)   →   cycle ‘+‘     
   f(t )> f(t +1)   →   cycle ‘-‘ 
f(t )< 49,99Hz f(t )> f(t +1)   →   cycle ‘-‘     
   f(t )< f(t +1)   →   cycle ‘+‘ 

 

For better imagination, in the picture no. 9, there is 

showed only the biggest of 30 cycles in the analysed hour. 

In one cycle, the difference of deviations system in 

frequency Δf according to Tab. 1.  

Table 1 indicates the value of primary activated 

regulation power. 

 

Fig. 8  Identified of cycles according SoC level 

 

 

Fig. 9  During the division of frequencies to cycles 

 

Table 1  Dependence of regulation power from the system 

frequency deviation 

 

 

Estimated battery life on basis of identifying the sub – 

cycles then comes from the chart during the battery life. In 

the picture no. 6, where is for every cycle, which is based 

on the DoD assigned the capacity loss. The individual 

losses sum creates the total capacity loss of BESS. It is 

important to realize that this value is constantly decreasing 

and it decreases the total available power system. If we 
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consider, that in 50 % of the capacity loss we will have to 

replace individual battery cells or decrease minimum 

possible PRV, we must take into account this parameter 

also in determining the economic benefits by BESS. 

Table 2  Identified sub cycles η < ± 10 mHz 

 
 

Table 3  Identified sub cycles for η < ± 20 mHz 

 
The Tables 2. and 3. Illustrates the division of cycles 

according to the SoC displacements for analysed day         

9.9.2012, where the difference between the non – 

sensibility zones will cause displacement cycle towards 

lower deflections SoC and thus to a minor capacity loss. 

 

Picture 10. shows us how to keep the system capacity 

at equilibrium state, we inducted a regulatory circuit using 

the fact that after 15 minutes of supplying PRV, secondary 

frequency regulation will be activated and capacity 

deflection from 50 % SoC will be regulated in the next 15 

minutes.   

 

 

Fig. 10  15-minute levels of supplied/taken off power and 
Active framework 

As batteries supply regulation power only when the 

frequency overpasses the dead zone level η < ± 10 mHz, 

the power needed to balance the capacity will only be 

active outside of this interval. AF (Active Framework) is 

the time during which the system supplies/takes off 

power.  

For every following 15-minute intervals we will 

supply FoC (Frame of Charge) or take off FoD (Frame of 

Discharge) power unit to balance SoC 50 % following this 

formula: 
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After the capacity change, in the first 15 minutes we 

will balance SoC 50% following the formula Pext(t)=PAS(t) 

± Psoc(t) where in the next 15 minutes of regulation we 

will supply/take off FoC/FoD unit in every AF to the 

required regulation power; we use the presumption that: 
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As Table 4. shows us if the total AF in the time 

t=(901,1800) is lower than the one in the previous 

interval, the total needed power to balance SoC 50 % was 

not supplied. The difference between the real 

PREAL(MWh) and required power PTARGET (MWh) is then 

recalculated to the required supplied/taken off power in 

the next 15-minute interval following the formula: 
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Table 4  15-minute levels of fluctuations and SoC 

balancing 
 

 

 

7. RESULTS 

From this analysis, we can see that the energy storage 

in battery systems is an effective way how to provide 

primary control power. Introduction in non – sensibility 

frequency zone and SoC regular circuit stores, the 

batteries within a reasonable range of charging level and 

minimalizes the impact on battery life. The estimated loss 

of battery life in 50 % capacity is during increasing in non 

– sensibility zone from η < ± 10 mHz to η < ± 20 mHz it 

increased from 10,9 the year to 15,8 of the year. The 

number of the cycles in non – sensibility zone from 

57,44% to 77,28% by η < ± 20 mHz. It is necessary to 

establish algorithms in order to keep the system stability 

so that the capacity losses are as low as possible.  At the 

same time, it is essential not to forget about the losses 

caused by self-discharging of the batteries (these are the 

consequence of efficiency of particular 

charging/discharging cycles). BESS will undoubtedly 

become popular thanks to the future reduction in costs 

resulting from expanding employment and mass 

production of components such as batteries and power 

elements. In our next paper, we tend to evaluate the 

algorithms of accumulation equilibrium state balancing in 

detail; consequently, in case of capacity loss and further 

support needed, such as voltage stability and accumulation 

of renewable sources energy. 
 

8. CONCLUSIONS 

In our analysis we did not put the attention on 

economic benefits quantification of BESS devices, but 

with predicted prices decreasing for the installed capacity 

unit of electricity and density increasing of electricity, 

which is stored in the battery system, in next the years we 

expect wider BESS deployment systems in distributional 

networks.  

ACKNOWLEDGMENTS 

This work was supported by Scientific grant agency of 

the Ministry of Education of the Slovak Republic and of 

Slovak Academy of Sciences, project VEGA 1/0388/13. 

REFERENCES 

[1] Technické Podmienky Prístupu a Pripojenia, 

Pravidlá Prevádzkovania Prenosovej Sústavy, SEPS 

2012.  

[2] B. J. KIRBY, " Frequency Regulation Basics and 

Trends," DOE report TM-2004/291, 2004. 

[3]  EPRI-DOE Handbook, “Energy Storage for 

Transmission and Distribution Applications”, Dec 

2003. 

[4]  A. NOURAI. (2003, Dec.). Comparison of the Costs 

of Energy StorageTechnologies for T&D 

Applications,[Online]. 

Available:http://electricitystorage.org/pubs/2004/EP

RIDOE%20Storage%20Costs-ESA.pdf 



42 Analysis of Utilization Battery Energy Storage Systems for Frequency Regulation 

ISSN 1335-8243 (print) © 2014 FEI TUKE ISSN 1338-3957(online), www.aei.tuke.sk 

[5]  J. SVENSSON – W. HERMANSSON, "Dynamic 

Energy Storage using SVC Light," Cigré conference 

Paris, France, August 24-19, 2008. 

[6]  Proceedings of Electrical Energy Storage 

Applications and Technologies (EESAT) Oct 2009, 

Seattle. 

[7] IEEE Draft Recommended Practice for the 

Characterization and Evaluation of Emerging Energy 

Storage Technologies in Stationary Applications, 

IEEE Standard P1679TM/D13-2010, Jan. 2010. 

[8]  Power and Energy Capacity Requirements of 

Storages Providing Frequency Control Reserves , 

IEEE  2013. 

 

Received June 11, 2014, accepted October 11, 2014 

 

BIOGRAPHIES 

Tomáš Košický was born on 05.04.1983. In 2008 he 

graduated (Ing.) with distinction at the Department of 

Electric power engineering of the Faculty of Electrical 

Engineering and Informatics at Technical University in 

Košice. He defended his Ing. degree with the masters 

diploma thessis  “Contribution to network stability“. Since 

2010 he is external PhD student on Department of 

electrical power engineering . His scientific research is 

focusing on Application of the FACTS devices in electric 

power system control.  

Ľubomír Beňa was born in 1975 in Bardejov, Slovakia. 

In 1998 he graduated (MSc.) at the Department of 

Electrical Power Engineering, Faculty of Electrical 

Engineering and Informatics, Technical University of 

Košice. He defended his PhD. in the field of overhead 

power lines mechanics in 2001. Since 2010 he is 

associated professor at the Department of Electrical Power 

Engineering. His scientific research is analysis of 

electrical power systems and optimization problems in 

electrical power engineering. 

Michal Kolcun was born on 03.10.1979. In 2004 he 

graduated (Ing.) with distinction at the Department of 

Electric power engineering of the Faculty of Electrical 

Engineering and Informatics at Technical University in 

Košice. Since 2004 until 2007 he was working for 

company SAT, Systémy automatizačnej techniky, s.r.o. In 

years 2008 until 2013 he was working for company 

Energo Consulting, s.r.o. In both companies he designed, 

configured and commissioned control and SCADA 

systems for different thermal, nuclear and hydro power 

plants and substations. Since year 2014 he has been 

working as project manager in company SAT, Systémy 

automatizačnej techniky, s.r.o. 

 

 

 

 

 

 

 

 

 

 

 

 

 


