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Abstract— Battery Energy Storage Systems (BESSs) are an 

increasingly prevalent part of the Great Britain Grid as the 

energy mix shifts to a higher proportion of intermittent 

generation such as solar and wind. National Grid ESO 

(Electricity System Operator) offers a number of frequency 

response services that can be provided by Energy Storage 

Systems (ESSs). A significant drawback of BESSs is the 

degradation experienced when subjected to frequent cycling 

compared to other energy storage mediums. Modeling and 

simulation of these systems is key to understanding the impact 

that hybridization can have on the lifetime and economic 

viability of such systems. In this paper, a framework for 

simulation and assessment of the degradation of BESSs offering 

these services is presented, implementing a micro-cycle-based 

degradation algorithm and high-resolution data capture of 

number of cycles occurring at differing C-Rate and SOC ranges. 

The motivations and methodology behind the method are 

introduced and discussed and compared with existing methods. 

The impact of changing hybrid control schemes on battery 

degradation is introduced and discussed. The framework 

presented in this paper provides the foundation for further 

works analyzing the effect of varying control schemes and 

hybrid configurations on energy storage degradation. 

Index Terms— cycle counting, microcycling, simulation, 

capacity fade, flywheel. 

I. INTRODUCTION

ife cycle estimation is a key part of energy storage system
design. The effects of energy throughput on a Battery
Energy Storage System (BESS) are key to establishing 

predicted operational lifetimes for different applications. 
Battery lifetime is usually defined in terms of the maximum 
number of cycles before failure, where failure is determined 
as falling to 80% of the original capacity [1].  However, in 
certain applications such as providing ancillary grid services, 
it is rare for a BESS to be exposed to a full charge/discharge 
cycle as shown in Fig.1a. Instead, the ESS moves rapidly 
through a range of SOC vales as shown in Fig.1b. 
Microcycling, and the effects of this phenomenon on BESS 
lifetime has been discussed in previous works such as 
[2][3][4].  

The effects of these partial charges and discharges of the 
system are commonly referred to as cycle-based degradation 
generally driven by a combination of factors including the 
depth of discharge (DoD), state of charge (SoC), C-Rate and 
energy throughput experienced by the BESS. This is 
commonly referred to alongside the less variable calendar-
driven degradation that is a function of time [5]. 

Hybrid systems are commonly proposed [6][7] to lower the 
strain on BESSs, however these systems experience different 
degradation rates and sensitivity to cycle life when compared 
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Fig. 1.  a) Simple SOC profile representing 2 full charge/discharge cycles b) SOC profile representative of an ESS providing frequency response services 
showing an example of micro-cycling 



to a BESS operating as a standalone system. This paper 
presents an ESS model representing a BESS operating in 
tandem with a supplementary Flywheel Energy Storage 
System (FESS) within MATLAB/Simulink including an 
improved fast cycle counting method that allows cycles from 
different energy storage mediums to be directly compared 
and effective degradation analysis performed. This work also 
integrates the cycle counting and degradation mechanisms 
into the overall energy storage system block that is used to 
simulate performance in providing a frequency response 
service on the GB grid. Finally, the effect of introducing a 
FESS as a hybrid system is analysed in terms of effect on 
battery degradation. 

A widespread cycle counting method used in energy 
storage modeling is called the rain flow algorithm which is 
commonly used both in energy storage modeling [7][8] and 
in power electronics [10][11]. The rainflow counting 
algorithm considers the state of charge as a function of time 
and applies an algorithm that determines the number of 
partial cycles that occur at each depth of discharge (DoD). 
The rainflow algorithm is computationally intensive and can 
only be applied after the entire period to be studied has been 
simulated as discussed in [11] and is therefore not suitable for 
the fast simulation and assessment targeted as part of the 
framework presented in this paper.  

Many papers have discussed and attempted to model the 
effects of different DoD and SOC on ESS lifetime 
[12][13][14][15] with differing approaches considered. The 
work in [15] explores a life cycle model for Li-Ion batteries 
using equivalent cycle counting. The theory of this method is 
based upon a set of equations considering DoD, SoC and 
average C-Rate and converting this calculation into an 
equivalent cycle. Additionally, [16] and [17] explore 
degradation of a Li-Ion battery as a direct function of number 
of cycles and C-Rate, with [17] providing a running % 
degradation of the overall capacity according to each 
individual time period.  

The foundation for that work is presented in [18] which 
produced the model from experimental data and is well-suited 
to usage in fast high-resolution modeling and the overall 
concept can be used to extract a specific degradation chart for 
micro-cycle charge/discharge profiles. The work presented in 
[4] details a cycle counting strategy for MATLAB/Simulink
simulations and the research presented in this paper builds
upon the work done by refining the method to reduce the
computational strain and provide faster and more detailed
cycle information. The method presented in this paper details
a more granular approach to cycle counting with an
estimation accuracy of two decimal places compared to the
previous step-based analysis counting only half-cycles.

All examples within this paper are based upon hybrid 
Battery/Flywheel systems rated as shown in Table I 
performing a 500kW Dynamic Frequency Response (DFR) 
service for the Great British Grid over the course of 1 year 
(using frequency data for 2019 [19])  being modeled and 
simulated in MATLAB/Simulink. Fig. 2 shows the response 
envelope for the DFR service, with the dead band between 
49.985Hz and 50.015Hz representing the region where no 
discharging/charging is permitted.  

II. CYCLE COUNTING

The method presented in this paper has been developed to 
provide greater granularity for the number of cycles 

experienced during operation to enable a wider range of 
analysis on how C-Rates, SOC and DoD all affect the 
degradation of a BESS. Where previously in [4] the cycle 
counting was conducted so that the cycle number 
incremented in steps of 0.5 according to a charging and 
discharging accumulator, this method concentrates solely on 
total energy throughput for a given second and converts this 
into an equivalent cycle occurring over a 1s period as shown 
in (1). 𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑃𝑎𝑟𝑡𝑖𝑎𝑙 𝐶𝑦𝑐𝑙𝑒 =  |𝑃𝐶𝐷|3600𝐸𝑐   (1) 

TABLE I. HYBRID ESS POWER/ENERGY RATINGS SHOWING 

MAXIMUM C-RATE 

ESS kWh kW C-Rate

BESS 500 500 1 

FESS 50 250 5 

Fig. 3. Demonstration of the cycle counting algorithm in operation for both 

the BESS and FESS for a 24 hour period delivering a DFR service. 

Fig. 2. Frequency response envelope for DFR services in GB. 



Where 𝑃𝐶𝐷  is the instantaneous charge/discharge from the
ESS in kW and 𝐸𝑐 is the energy capacity of the ESS in kWh.
The output of this, an equivalent cycle for any given second 
of operation, can then be either continuously integrated to 
give cycles over the length of the simulation, or used on a 
second-by-second basis for further analysis. Fig. 3. shows the 
algorithm in operation for just over one day using frequency 
data from January 2019, with the cycles counting upward for 
every individual charge/discharge event that each ESS 
experiences. From this example, the BESS is shown to only 
experience 0.6 equivalent cycles whilst the FESS experiences 
19.1 equivalent cycles.  

The control scheme used to produce these results is a 
straightforward filter control scheme, illustrated in Fig. 4. 
The FESS essentially acts as a filter in this control method, 
attempting to respond to any requests for power, and when it 
is unable to do so due to high or low SOC, the BESS responds 
instead. 

The flow diagram in Fig. 5. illustrates how the output of 
this equation can then be filtered further to provide a more 

detailed overview of the operation of the ESS. The example 
shown uses dividers of 0.2/1 when considering C-Rate of the 
BESS/FESS and 20% when considering either SOC but can 
be adapted to be as narrow or broad as required. The 
equivalent partial cycles (EPCs) are summated for each 
individual bin providing a view of how frequently the ESS is 
operating within the specified ranges.  

This method provides the foundation for further, more 
detailed assessment of ESS operation as a hybrid system. 
With the high granularity of the data, research can be 
performed on tailoring control schemes to keep the ESS 
operating in certain regions of SOC or C-Rate. 

In Fig. 6, the first pass results of the algorithm are 
presented showing the total number of cycles for both ESS 
mediums filtered by ranges of SOC and C-Rate at which 
those cycles occur. This visualization provides an easy 
method for characterizing the ESS operation, with the FESS 
clearly operating over a wider range of C-Rates than the 
BESS, which is restricted to mainly operating in the 0-0.4C 
range. 

To provide further analysis opportunities, Fig. 7 and Fig. 8 
illustrate the second level of filter for the BESS and FESS, 

Fig. 6.  Filtered number of cycles at differing SOC and C-Rate ranges for 

BESS and FESS 

Fig. 7.  Total number of cycles at combined ranges of C-Rate and SOC for 

the BESS under Control Scheme 1 

Fig. 4.  Control Scheme 1 for Hybrid ESS operation 

Fig. 5.  Filtered analysis algorithm for 5 equal bins of SOC and C-Rate. 



respectively. From the analysis presented, both ESSs perform 
the majority of their cycling at lower C-Rate ranges compared 
to their overall C-Rating with the FESS operating across the 

whole spectrum of SOC ranges whilst the BESS tends to 
operate much more frequently in the 0-40% SOC range which 
could be detrimental in terms of battery degradation. This 
visualization of the operation of the system provides a 
foundation for tailoring the operation of the systems to 
concentrate the activities of the ESS in specific favorable 
areas, potentially through the introduction of certain control 
schemes. In this specific example, the fact that the BESS 
operates almost exclusively in the 0-0.4C region and the 
FESS operates over the 0-3C range suggests both aspects of 
the hybrid ESS may be oversized from a power-rating 
perspective. Additionally, control schemes could be 
introduced to manage the SOC in more beneficial ranges for 
extending battery life as opposed to the low SOC range 
demonstrated in this analysis. 

Control schemes can also have a significant effect on how 
the BESS operates. Fig. 9 and Fig. 10 show the same 
presentation of C-Rate and SOC range of operation but this 
time for an alternative control scheme (Control Scheme 2, 
Fig. 11), where instead of simply acting as a filter, the 
Flywheel instead provides a rolling 30-second average of the 
requested power and the Battery provides the difference 
between instantaneous requested power and Flywheel output. 
The impact from this change in control scheme is significant, 
with the FESS now operating mostly in the 4+ C-Rate range, 
which suggests the higher power nature of the FESS is 
utilized to good effect under this control scheme. The BESS 
(Fig. 10) now operates more evenly across the various SOC 
ranges when compared to control scheme 1, whilst still being 
concentrated in the 0-0.4C range of operation. The greater 
spread of average SOC could prove valuable in maintaining 
a BESS within manufacturer specified guidelines and is likely 
to lead to a longer lifespan than when compared to Control 
Scheme 1. 

Alternatively, Fig. 12 & Fig. 13 show the FESS & BESS 
operational statistics with the Battery providing a response 
for frequencies between 49.9Hz and 50.1Hz and the Flywheel 
providing a response for frequencies outside of this range 
(Control Scheme 3, Table III). For the FESS, the SOC range 
is still spread evenly across the spectrum whereas the C-Rate 

Fig. 8.  Total number of cycles at combined ranges of C-Rate and SOC for 

the FESS under Control Scheme 1 

Fig. 11.  Control Scheme 2 for Hybrid ESS operation 
Fig. 10.  Total number of cycles at combined ranges of C-Rate and SOC for 

the BESS under Control Scheme 2 

Fig. 9.  Total number of cycles at combined ranges of C-Rate and SOC for 

the FESS under Control Scheme 2 



is now almost exclusively maintained in the 2-3 range with a 
small amount of activity in the other regions. This is because 
the FESS is providing only the higher-power responses with 
lower C-Rates largely unutilized. Fig. 12 suggests that the 
FESS could be more appropriately sized to a 4C system as 
the higher C-Rate is not utilized effectively. The activity from 
the battery is now almost exclusively within the 0-0.2 C-Rate 
with a much larger proportion of the activity also taking place 
in the 0-20% SOC range. This analysis shows that the battery 
is significantly oversized for this control scheme and likely 
could be reduced in size for cost savings.  

The control schemes discussed in this section have been 
derived as part of a series of parallel works looking into the 
effect of control schemes on hybrid energy storage systems 
technical and economic viability. 

III. DEGRADATION MODELING

The equation presented in [18] is used to calculate the 
incremental degradation for a period ∆t as shown in equations 
(2) – (4). ∆𝑄𝑐𝑦𝑙𝑒𝑙𝑜𝑠𝑠 (𝑡) =  𝐵1. 𝑒𝐵2.𝐼𝑟𝑎𝑡𝑒 . 𝐴ℎ∆𝑡  (2)𝐵1 = 𝑎. 𝑇2 + 𝑏. 𝑇 + 𝑐  (3)𝐵2 = 𝑑. 𝑇 + 𝑒  (4)

Where the values of a, b, c, d, and e are constants as given 
in Table II, Irate is the C-Rate for that period, 𝐴ℎ is the energy
throughput over that period and T is the temperature. For the 
purposes of this study, it has been assumed that the energy 
storage is kept in a temperature-controlled housing unit 
maintaining 20°C (293K). In this study, all instances of ∆t are 
a 1 second period, with the C-Rate calculated as the rate at 
which the BESS is asked to charge/discharge over that 1 
second period and the energy throughput calculated over the 
same period. Fig. 14 shows the simulation in operation, with 
degradation increasing incrementally with each partial cycle. 
Higher C-Rates and energy throughput causes greater 
incremental increases in the overall degradation total.  

These equations have been represented within 
MATLAB/Simulink to model the effects of micro-cycle-
based degradation with results from a year-long simulation 
shown in Fig. 15. As expected, there is a significant reduction 
in degradation when Flywheel Energy Storage is introduced. 
Both control schemes discussed show a reduction in 
degradation, with Control Scheme 1 showing the lowest 
eventual degradation from 1 year of operation. Control 
Scheme 3 on the other hand has the least impact on 
degradation rates although it still reduces end of year 

TABLE II. CONTROL SCHEME 3 OPERATIONAL PARAMETERS] 

Frequency 

Range 

ESS System used to 

respond 

<49.9Hz FESS 

49.9-50.1Hz BESS 

>50.1Hz FESS 

Fig. 13.  Total number of cycles at combined ranges of C-Rate and SOC for 

the BESS under Control Scheme 3 

Fig. 12.  Total number of cycles at combined ranges of C-Rate and SOC for 

the FESS under Control Scheme 3 

TABLE III. COEFFICIENT VALUES AND UNITS FOR DEGRADATION 

EQUATION [18] 

Coefficient values and units 
a 8.61E-6, 1/Ah-K2 

b -5.13E-3, 1/Ah-K 

c 7.63E-1, 1/Ah 

d -6.7E-3, 1/K-(C-rate) 

e 2.35, 1/(C-rate) 

Fig. 14.  Simulation results showing the degradation algorithm in operation 



degradation from 6.8% to 4.8%, showing the importance of 
effective control when implementing hybrid energy stores. 

IV. CONCLUSION

A framework for modeling energy storage systems and 
simulating their operation providing frequency response 
services has been presented. The number of cycles that occur 
at a range of different SOCs or C-Rates can be determined 
quickly and effectively for any ESS medium. The framework 
provides the basis for optimizing battery operation through 
control strategies and the cycle counting strategy improves 
upon previous methods through a quicker and more granular 
result generation. The modeling framework was demonstrated 
with a hybrid energy storage system showcasing the 
granularity of equivalent cycle counting within the model. The 
various visualizations available from this data have been 
demonstrated, with the FESS within the hybrid system being 
shown to operate across a wider range of C-Rate values than 
the BESS.  

Secondly, a battery degradation effect was implemented 
into the model to provide a platform for a more detailed 
analysis on the benefits of hybridizing battery energy storage 
with alternative storage technologies. This was then 
demonstrated as part of the same hybrid ESS model, with the 
rate of degradation showing a significant reduction when the 
system was hybridized compared to a BESS operating 
independently. The algorithm could also be improved upon by 
considering a variable temperature element as opposed to the 
constant value specified within this paper.  

Finally, different control schemes for hybrid energy 
storage systems have been introduced and discussed. There is 
clearly potential for varying control schemes to be exploited 
to maintain battery operation in optimal ranges for prolonging 
lifetime, and the importance of choosing the correct control 
scheme is shown by the varying levels of degradation for each 
control scheme. A dynamic control scheme could be 
employed to manipulate battery operation to keep degradation 
as low as possible whilst still achieving performance 
objectives. 
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